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ABSTRACT 
This thesis is divided into four chapters, the first 
of which is introductory and discusses the polyketide 
and terpenoid biosynthetic pathways, with brief reference 
also to the shikimate pathway and metabolites formed by 
mixed biosynthetic pathways. 	Finally some of the 
principles involved in applying 13C n.m.r. to biosynthetic 
studies are discussed. 
Chapter 2 concerns austin, a toxic metabolite of 
Aspergillus ustus. 	Culture conditions giving good 
production of austin and suitable for biosynthetic studies 
were developed. 	The 13C n.m.r. spectrum of austin was 
assigned and incorporations of [1-13 	
13 	 13 
C] - , [2- C]-, [1,2- C] - , 
L1 -13C, 18 02 ]acetates; [Me-13C]- and [Me -13 C, 2 H 3 ]methionines; 
[carboxyl,2- 14C]- and [3 -methyl, 2 H3] -4 , 5-dimethylorsellinate 
indicated a triprenyiphenol biogenesis contrary to previous 
suggestions. 	Further incorporation studies with 1802 
provided information on the mechanisms of the intermediate 
steps in austin biosynthesis. 	The novel related 
metabolites austinol and dehydroaustifl were isolated and 
their structures were determined by spectroscopic studies. 
The naturally occurring sesterterpenes are reviewed. 
Chapter 3 concerns 0-methylasparvenone, a metabolite 
of Aspergillus parvulus. 	Incorporations of [l- '3 C] - , 
[2- 13 C] - and [1,2- 13clacetates indicated a hexaketide 
biogenesis. 	Incorporation of [ 
2 
 H 3 ] - and [1- 13 2 C, H 3 ]acetates 
and both 2H and 13C n.in.r. analyses provided indirect 
-vi- 
information on the intermediates which must be involved 
in the biosynthetic pathway. 	A review on the size and 
origins of 2 H isotope-induced shifts in 13C n.m.r. is 
included. 
Chapter 4 reviews previous biosynthetic work on the 
biosynthetic pathway leading to the aflatoxinS, 
carcinogenic mycotoxins produced by Aspergillus flavus 
and Aspergillus parasiticus. 	Sterigmatocystin, a 
metabolite of Aspergillus versicolor has been proposed 
to be a key intermediate on this pathway. 	Incorporation 
of [ 2 H3 ] - and [1-13 C, 2 H3 ]acetates into sterigmatocystin 
is described and the implication of these results for 
aflatoxin biosynthesis is discussed. 
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Introduction 
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Figure 1 	The main flow of carbon metabolism (left), 
the main products of primary synthesis (capitals), 
and the corresponding categories of secondary 
metabolites (italics) 
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1.1 Primary and Secondary Metabolism 
All living organisms synthesise and degrade chemical 
compounds by means of enzyme catalysed reactions. Primary 
metabolism is the sum of a series of reactions, which the 
organism uses to provide itself with energy, synthetic 
intermediates, and larger biopolymers. 	The compounds 
involved are essential for the survival, health, and 
structural integrity of the organism. 	Some organisms 
however, use other metabolic pathways to produce compounds 
which are not apparently essential to their existence. 
These compounds are secondary metabolites, and the processes 
by which they are formed constitute secondary metabolism. 1 
It is now recognised that although secondary metabolites of ter 
have no immediate role in the individual organism, they are 
mediators of complex ecological interactions, and have 
functions in ensuring the survival of the species. 
In contrast to primary metabolism, which is essentially 
the same for all living organisms, secondary metabolism is 
found in bacteria, fungi, algae, lichens, plants, and to a 
lesser extent in certain insects, and is often species 
specific. 	The two types of metabolism are interrelated, as 
primary metabolism produces the basic starting materials for 
secondary metabolism. 	These are derived as shown in 
Figure 1, from the degradation of glucose. The main bio- 
synthetic pathways to secondary metabolites are: (a) Poly-
ketide, (b) Terpenoid, and (c) Shikimate. 	Fungal secondary 
metabolites can also be derived directly from glucose, from 
-2- 
intermediates of the tricarboxylic acid cycle, from 
amino-acids, and from fatty acids, which although they 
are strictly primary metabolites, will be discussed 
due to their biogenetic relationship to polyketides. 
1.2 	Fatty acid biosynthesis 
Fatty acids are universal components of living matter, 
synthesised by animals, plants and micro-organisms. 	The 
common fatty acids are straight chain compounds containing 
an even number of carbon atoms, ending in a carboxyl group. 
They can be saturated or unsaturated, but usually contain 
no more than four double bonds. Commonly found fatty 
acids are palmitic (1), stearic (2), and oleic (3) acids. 
Fatty acids are most commonly found as components of 
lipids and phospholipids, where. they are bound in ester 
linkages to glycerol. 	These polar lipids control perme- 
ability and contractility of cell membranes. 	Fatty acids 
of chain length greater than C 20 are rare, but occur 
mainly in animal fats, such as cows milk fat, which 
contains C 4 , C 6 , C81  C 101 and C12 acids. 
Early studies 2 indicated that labelled acetate was 
incorporated into fatty acids, by various mammalian 
tissues, micro-organisms, and plants. 	Fatty acids were 
also known  to be catabolised in mitochondria, by a series 
of reversible reactions, involving s-oxidation to acetyl-00A. 
Lynen proposed  that the biogenesis of fatty acids 
might involve the same enzymes in a reversal of the - 
ATP HCO BCCP 	- eOCBCCP + ADP + p 
0 
BCCP-00 + CH3 -SCoA 
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oxidation pathway. 	This would involve head to tail 
condensations of C 2 units to the growing fatty acid chain. 
Subsequently, Wakil 5 demonstrated an absolute requirement 
for acetyl-CoA, HCO 3 , ATP and NADPH for fatty acid in 
avian liver systems. 	Administrations of 14CO2 , however, 
did not result in incorporation of radioactivity, indicating 
a catalytic role for CO 2' 	Later work 6,7,8 with enzyme 
fractions of the soluble components of cells, elucidated the 
biosynthesis of fatty acids. 
The first intermediate involved, is malonyl-CoA, 8 
formed from acetyl-CoA, with concomitant hydrolysis of ATP, 
in a reaction mediated by biotin carboxyl carrier protein 
(BCCP), as shown in Scheme 1. 	The fatty acid chain is 
formed by addition of malonyl-00A units to a chain starter 
acetyl-CoA unit, as shown in Scheme 2. 	Malonyl-CoA has. 
a relatively strong, anionic methylene group, compared with 
the methyl group of acetyl-CoA, which aids the formation 
of carbon-carbon bonds. A favourable equilibrium is 
established by the elimination of CO 2* 
The multienzyme synthetase complex, responsible for 
fatty acid biosynthesis in animals and yeasts, was shown 
to have two different thiol group carrier functions. 9 
The acetyl group from acetyl-CoA is initially attached to 
the central (c) thiol group, then transferred to the 
peripheral (p) group. 	The first malonyl group is then 
bound to the central thiol site, prior to condensation, and 
the sequence of reactions shown in Scheme 3 is initiated. 
H 	COSCoA 	 HO2CN .COSX 
H 	HC 
MeCOSC' 
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Condensation yields enzyme bound acetoacetate, which 
is then reduced by NADPH to give the (3R)-hydroxyacyl 
intermediate. 	This undergoes dehydration to give the 
unsaturated acyl system, which is again reduced by NADPH 
to yield the saturated species. 
The overall stereochemistry of the process has been 
determined, and is shown in Scheme 4. Dehydration of 
(2R,3R)-3-hydroxp-(2- 3 H]-butyryl thioester by yeast fatty 
acid synthetase has been shown 10  to proceed with retention 
of tritium to give the trans-2-enoyl derivative, by means 
of a syn elimination. 	Assignment of the syn stereo- 
chemistry for the dehydration, together with the findings 
that tritium is retained preferentially from (2S)-[2- 3 H]-
malonate, 11  means that the condensation reaction in fatty 
acid biosynthesis must proceed with inversion of con- 
figuration at C-2 of malonate. 	The stereochemical course 
of hydrogen transfer in the final reduction has recently 
been shown 12  to involve an anti-addition of hydrogen via 
a 2-Si, 3-Si attack on the double bond, as shown in Scheme 
4. 
The saturated acyl species can then be transferred 
back to the enzyme condensing site, where it can react 
with a second malonate and so on, until the required chain 
length is achieved, and the fatty acid is released from 
the-Fatty Acid Synthetase complex. 	The fatty acids serve 
as precursors to a large number of biologically important 
compounds such as the prostaglandins, the polyacetylenes, 
/ \-.114, 
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and insect pheromones, of which prostaglandin F 2 ct (4), 
wyerone (5), and (6) the sex pheromone of the common house-
fly, are representative examples. 
1.3 	Polyketide biosynthesis 
The biosynthesis of polyketides is of less significance 
in plants, but is well developed in bacteria, fungi, and 
lichens. 	Indeed, polyketides comprise the largest group of 
fungal secondary metabolites. They are not wide-spread 
among fungi, however, being produced mainly by the Fungi 
Imperfecti and the Ascomycetes. 
J.W. Collie, in 1907,13  was the first to recognise that 
the biosynthesis of many phenolic natural products might 
involve the head to tail linkage of acetate units. 	In the 
1950's, Birch recognised that condensation of acetate units, 
without the reduction, elimination, reduction sequence 
observed in fatty acid biosynthesis would lead to polyketo-
methylene intermediates, which could then cyclise and 
aromatise. 	In 1953, Birch and Donovan made the first 
definite proposals 14  for the biosynthesis of acyl-phioro- 
glucinol (7) and orcinol structures (8) • 	Their proposal 
was that head to tail condensation of 4 acetate units, 
followed by intramolecular cyclisation could elaborate the 
required structures as shown in Scheme 5. 	Birch later 
demonstrated 15  the validity of the theory with investigation 
of 6-methyl salicylic acid (9) produced by Penicillium 
griseofulvum. 	Degradative studies revealed that 14C 
labelled acetate was incorporated into the metabolite as 
shown in Scheme 6. 
As with fatty acid biosynthesis, malonyl units were 
proposed to be the actual condensing agents. 	This was 
shown to be the case, by incorporation of 14  C labelled 
malonate into 6-methyl salicylic acid. 16 Work on cell-
free enzyme systems demonstrated that the active forms of 
acetyl and malonyl units were their co-enzyme A derivatives 
the thio-coenzyme A group (SC0A) can stabilise anions ct 
to the carbonyl group in thioesters, and also activates 
the acyl species to nucleophilic attack at the carbonyl 
carbon, and in addition, is a good leaving group. 	The 
growing polyketide chain would therefore be very reactive; 
the methylene groups being potential nucleophiles, and the 
carbonyl groups being potential electrophiles. 	The chain 
must therefore be stabilised by the synthetase enzyme. 
This could be achieved in a variety of ways, e.g., by 
enolisation and maintenance of a fixed configuration by 
binding of the enolate anions to various amino acid 
sites, or by chelation with metal ions held by the enzyme. 
Alternatively hydrogen bonding to thiol groups on the 
enzyme surface could confer a rigid stereochemistry on the 
polyketide chain. 	Once the required chain length is achieved 
a well defined folding of the polyketide-enzyme complex 
would induce stabilising condensation and cyclisation, 
followed by release of the product polyketide. 
No free polyketomethylene derivatives have been 
detected, despite widespread study of polyketide producing 
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intermediates from acetyl and malonyl-CoA formation, till 
release of a stabilised product take place on the syn-
thetase enzyme. 	The synthetase would, of necessity, be a 
multienzyme complex, capable of stepwise condensation of 
C2 units, coiling and cyclisation of the final polyketide 
chain, and a variety of skeletal modifications. 
Other starter and chain propagation units, apart from 
acetate, can be used for condensing with malonyl units. 
They are often C 3 and C4 units as exemplified in the bio- 
synthesis of the ionophore antibiotic lysocellin (10), where 
a propionate starter unit is used, and acetate, propionate, 
and butyrate chain extending units are used. 17 
In the case of the tetracyclines, e.g. (11), a series 
of broad spectrum antibiotics produced by various Strepto-
myces species, a more unusual starter unit may be employed. 
Their biosynthesis has been shown 18  to proceed by conden-
sation of a C 3 unit, with eight malonyl units, as shown in 
Scheme 7. 	The exact nature of the starter unit however, 
remains to be determined. Nitrogen insertion may occur 
early in the sequence, requiring a malonamide primer unit, 
or amide formation may be subsequent to the assembly of a 
rionaketjde acid intermediate, derived from the condensation 
of malonate with eight malonyl units. 
For certain biosyntheses, condensation of two poly-
ketide chains, to give the final polyketide structure is 
possible. The majority of evidence, however, shows that 








$# 	(a) 	4 
R—CO--CH—C O—CH—CO--CH--CO H 
(a) 	(b) 	 tc) 	
4d) 
R 	 Co 	 o 
CO-I









exception to this generalisation, is the biosynthesis of 
radicinin (12). 	A single chain process has been shown to 
be inapplicable, by 13C labelling studies, 19  the results 
of which are in agreement with the biosynthesis, involving 
condensation of two polyketide chains, shown in Scheme 8. 
The great variety of polyketide structures arise from 
the different cyclisation processes possible for a fixed 
chain length, and a number of different skeletal modifi-
cations. 	Scheme 9, shows the structural variety which 
can be obtained from different types of condensation and 
oxygen bridging. 	An aldol type condensation (a), leads 
to orsellinate structures, while Claisen type condensation, 
(b), leads to acylphloroglucinol structures. 	It is inter- 
esting to note that when the final polyketide results from 
condensation of the methylene group to the carboxylic acid 
function, the a oxygen is always present. 	This is presum- 
ably due to the inability of the acid function to activate 
the methylene group sufficiently for aldol type condensatior 
Cyclisation as in (c) leads to y-pyrones, while 
lactonisation (d) yields a pyrones. 	Lactone formation is 
quite common in polyketides, while ether formation is less 
common, and most often occurs in association with an 
aromatic condensation, as is the case with the flavones, 
e.g. (13) 
Further structural variety can be introduced by 
modifications of the polyketide chain, or of the stabilised 


























C 02  H 
groups of the aliphatic chain, are reactive to alkylating 
agents such as S-adenosylmethionine, and diinethylallyl 
pyrophosphate. A growing body of evidence suggests that 
C-methylations occur at a pre-aromatic stage, while 0-
methylation and prenylation occur at a post-aromatic 
stage. 
Loss of oxygen by reduction and dehydration more 
commonly occurs at the pre-aromatic level, presumably by 
a specific dehydratase acting on a hydroxyacyl intermediate 
Loss of oxygen and carbon atoms by decarboxylation, is 
another common modification. Gain of oxygen, on the other 
hand, usually occurs late in the biosynthetic sequence, 
at a post-aromatic stage. 	Insertion of oxygen is often 
in ortho or para orientations to existing hydroxyl 
substituents, and is mediated by mixed function oxygenases. 
Oxygen can also be gained by oxidation of alkyl groups to 
the corresponding alcohols, aldehydes, or carboxyl groups. 
Less frequent, but more drastic transformations of 
the polyketide skeleton, are oxidative cleavage, followed 
by rearrangement, and oxidative coupling. An example of 
oxidative cleavage which also shows some of the afore-
mentioned modifications is the formation of patulin (14) 
by Penicillium patulum. 	The proposed biosynthetic 
sequence 20,21 shown in Scheme 10, proceeds by decarboxy- 
lation of 6-methylsalicylic acid to irt-cresol. 	-Hydroxy- 
lation, and oxidation of the methyl group, leads to 
gentisyl alcohol and gentisaldehyde. 	Oxidative cleavage 
0 02=0 
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and subsequent rearrangement yields the final patuliri 
structure. 
The biosynthesis of griseofulvin (15) ,22  shown in 
Scheme 11, exemplifies two other modifications, intro-
duction of a halogen atom onto an aromatic ring, and 
oxidative coupling to form a heterocyclic ring. 	In 
contrast to this intramolecular coupling, is the formation 
of usnic acid (17), via an intermolecular oxidative 
coupling. 	The proposed biosynthesis proceeds 23  by form- 
ation of a. tetraketide derived methyiphioroacetophenone 
(16), as shown in Scheme 12. 	A dimer of the tetraketide 
is formed by radical coupling, with dehydration, and 
concomitant ring closure completing the usnic acid 
structure. 
- .. It is convenient to classify polyketides according 
to the number of C 2 units involved in their biogenesis. 
Tetra, penta, hepta, and octaketides are numerous, while 
tn, hexa, nona, and decaketides are less common. There 
i 	 24s a sharp cut-out at C20 , and protosiphulin (18) 	is 
one of the few metabolites formed from more than ten 
acetate units. 	The most common modes of cyclisation of 
the polyketide chains, and representative examples of 
the resulting metabolites are shown in Scheme 13. Another 
empirical rule arising from known polyketide biosynthesés, 
is that if a metabolite has two side chains, then the 
chain comprising the starter unit is never shorter than 
the carboxyl end chain. 41 
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1.4 Terpenoid Biosynthesis 
For many years it was known that many natural products 
were äomprised of multiples of five carbon atoms. 	It 	was 
thought that they were composed of "isoprene" units, 
joined together in "head" to "tail" fashion, as in the 
natural polymers, rubber (33) and gutta percha (34). 
The active five carbon unit was found to be two 
isomeric pyrophosphate esters; isopentenyl pyrophosphate, 
IPP (37), and dimethylallyl pyrophosphate, DMAPP (38). 
43 Their biosynthesis proceeds 42, by condensation of three 
acetyl-CoA molecules to form 3-hydroxy-3-methyl-glutaryl-
SCoA (35), which is then reduced to (3R)-mevalonjc acid 
(36). 	Phosphorylation of mevalonic acid, followed by 
decarboxylation and dehydration yields IPP (37). 	The 
isoinerisation of IPP to DMAPP occurs by the addition of 
a medium derived proton to C-4, and the abstraction of the 
pro-(R) hydrogen from C-2, as shown in Scheme 14. 
Terpenes are formed by the addition of one or more 
IPP molecules. to DMAPP, an excellent alkylating agent, 
undergoing nucleophilic attack at C-i with concomitant 
loss of pyrophosphate. 	As the linkage of DMAPP and IPP 
yields a molecule with the same functionality at the 
"tail" as that of DMAPP, further molecules of IPP can be 
added to the ger>.anyipyrophosphate formed. 
Terpenes are classified initially by the number of 
prenyl units involved in their biogenesis, and then by 
the skeletal type they cyclise to. The C 15 , C20 and C25 
OH 





















acylic esters, called farnesyl, geranylgeranyl and 
gerariylfarnesyl respectively, can then cyclise to give 
various skeletal types. 	Triterpenes arise from the 
cyclisation, and subsequent elaboration of squalene, an 
acyclic C30 hydrocarbon, formed by the "head" to "head" 
linkage of two molecules of farnesyl pyrophosphate. 
1.4 .1 Monoterpenes 
The fundamental monoterpene skeletal types are 
acyclic, cyclohexane, cyclopentane, and irregular 
systems. 	The acyclic systems are derived from geranyl- 
pyrophosphate, by isomerisations, hydrolysis, reductions, 
etc. 	Examples shown opposite, are nerol (39), citral 
(40) and myrcene (41). 
Study of the biosynthesis of cyclohexane monoterpenes 
has been hampered by low incorporation of labelled pre-
cursors. 	However it has been proposed 44, that the funda- 
mental skeletons can be derived by ionisation of neryl 
pyrophosphate, to give a cationic species. 	Cyclisation, 
Wagner-Meerwein rearrangements, and hydride shifts can 
then give rise to the diverse skeletal types encountered, 
as shown in Scheme 15. 	It is unlikely that these cationic 
species exist in viva. 	They are more likely to exist as 
a series of intermediates with incipient cationic sites 
e.g. -C-OPP or -C-S-Enz. 
The iridoids are a group of monoterpene metabolites 
with a cyclopentane ring fused to a pyrone ring. Their 
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good incorporation of labelled precursors into them, and 
because of their relationship to the indole alkaloids. 
The biosynthesis of loganin (43) from hydroxygeranol and - 
hydroxynerol is thought to proceed 45 ' 46 as shown in 
Scheme 16. 	Arigoni postulated the intermediacy of tn - 
aldehyde (42) to. explain the randomisation of label 
between positions 9 and 10. 
1.4.2 	Sesguiterpenes 
There are over fifty skeletal typs of sesquiterpenes. 
All derive from trans or cis farnesyl pyrophosphate, in 
processes which involve a range of reaction mechanisms 
including rearrangements, hydride and alkyl shifts, anti-
Markowriikoff additions, and non-classical cations. 	They 
are produced mainly by plants, and to a lesser extent by 
fungi, and marine organisms. 	Acyclic sesquiterpenes are 
relatively rare; most of the known acyclic sesquiterpenes 
having furan rings or tetrahydrofuran moieties e.g. ipo-
mearone (44) a phytoalexin produced by potatoes. 47 
Intermediate cationic species reminiscent of mono-
terpene biosynthesis have been invoked to explain the 
formation of the primary skeletal types shown in Scheme 17. 
The cations and their primary skeletal compounds can give 
rise to other classes of sesquiterpenes, as shown for 
y-bisabolene. 	Most of the biologically active sesquiter- 
penes are oxygenated. 	Of particular biological signifi- 
cance are the phytohormones, e.g. abscisic acid (45), which 

























e.g. neotenin (46), the juvenile hormone of the giant 
silkworm moth Hyalophora cecropia. 48 
Fungal sesquiterpenes are relatively rare; the largest 
class being the trichothecanes, all of which have a 12,13 
epoxide ring, and a 9,10 double bond, as in trichothecin 
(49). 	This mycotoxin, produced by Trichothecium roseum, 
is thought to arise from the pathway shown in Scheme 18. 
The proposed pathway, 49  in agreement with 3H and 13  C 
labelling studies, incorporates a series of presumably 
concerted 1,2 methyl shifts, and a 1,4 hydride shift, to 
give the fungal metabolite trichodiene47 (47). 	Oxidative 
modification as shown, yields trichothecolone (48) and 
finally trichothecin (49). 	Some trichothecanes show 
antibiotic properties, but most are extremely toxic, 
cuasing haemorrhage in mammals, and are thought to be minor 
contaminants of many foodstuffs. 
1.4.3 	Diterpenes 
Diterpenes are formally derived from geranylgeranyl 
pyrophosphate. Acyclic metabolites are rare, while mono-
cyclic diterpenes arise from C 20 species which differ 
from gerany1geranyl pyrophosphate in the configuration of 
one or two double bonds, as in cembrene (50), and 1,6,10-
duvatriene-3,5-djol (51), as shown in Scheme 19. 
Polycyclic diterpenes are formed by initial 
cyclisation of geranylgeranyl pyrophosphate to give a 
decalin system. 	Two modes of cyclisation are possible, 
leading to a 5cc, 10, or 5, lOct configuration, as shown 



























in Scheme 20. 	The trans-fused system is consistent with 
the stereoelectronic requirements of a concerted mechanism 
involving multiple additions of non-conjugated double 
bonds. Diterpenes are derived from further modification 
of these hypothetical cations. 	Subsequent cyclisation, 
and skeletal rearrangements can lead to tn-, tetra-, and 
pentacyclic structures, example 5 of which are shown in 
Schemes 21 and 22. 
One of the most important groups of diterpenes are 
the gibberellins, e.g. gibberellin A 3 (53). 	These acids 
were initially isolated 50  from a fungal source, Gibberella 
fujikuroi, and are endogenous plant hormones. 	Their 
biosynthesis has been well studied, and is thought 5 ' to 
proceed from (-)-kaurene (52), as shown in Scheme 22. 
The methyl group R is lost by successive oxidations, and 
decarboxylation, whereas the aldehyde group R ' formed by 
ring contraction is oxidised to the acid. 
Sesterpenes, C25 metabolites derived from geranyl-
farnesyl pyrophosphate, will be discussed in Chapter 2. 
1.4.4 	Triterpenes 
Triterpenes occur widely in Nature, being produced 
by fungi, plants, and animals. 	Included in this group 
are the steroids, cholesterol, the mammalian sex hormones, 
the vitamins D, and the ecdysones. 	Steroids have a role 
in maintaining the structural integrity of most membranes, 
and appear to assist in the regulation of membrane perme- 







precursor to many essential metabolites of higher animals 
e.g. the bile acids, and the adrenocorticaj. hormones. 
Plants generally use ergosterol (55) and other phytosterols 
as substrates for further metabolism, while ergosterol is 
the predominant sterol in yeasts and fungi. 
All triterpenes are derived from squalene (56), an 
acyclic C30 unsaturated hydrocarbon formed by the "head" 
to "head" linkage of two farnesyl pyrophosphate chains. 
Squalene can be cyclised in vivo, and squalene model. sub-
strates have been cyclised in vitro 52 to give polycyclic 
structures. 	In the formation of cholesterol and ergosterol, 
the cyclisation is initiated by cleavage of an epoxide, to 
give a tetracyclic cationic species (57). 	This hypo- 
thetical intermediate could be stabilised by two successive 
1,2 methyl shifts, two 1,2 hydride transfers, and loss of a 
proton at C-9 to give lanosterol (58). 	Alternatively, 
it could be stabilised by two 1,2 methyl shifts, three 1,2 
hydride transfers, and loss of a proton at C-19 to form a 
cyclopropane ring, yielding cycloartenol (59) as shown in 
Scheme 23. 	Further elaboration of the lanosterol skeleton, 
by oxidation of 3 methyl groups and decarboxylation, 
isomerisation of a double bond, and reduction of the side 
chain yields cholesterol (54). 	Similarly, oxidation and 
loss of three methyl groups from cycloartenol, occurs in 
the formation of ergosterol (55), with the introduction of 
a methyl group onto the side chain from methionine. 








Scheme 25 	 1 
II 
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foldings of the squalene molecule into pseudo boat and 
chair conformations. 	These lead to a variety of tetra- 
cyclic and pentacyclic structures, some of which are 
shown in Scheme 24. 	The formation of tetrahymanol (60) 
by Tetrahymena pyriformis occurs anaerobically. 53 The 
cyclisation of squalene therefore occurs non-oxidatively, 
by proton attack at C-3, and gain of a hydroxyl group at 
C-21, as shown in Scheme 25. 
Higher order terpenes are the carotenoids, a group 
of C40 poly-olefinic metabolites. 	They are formed by 
the "head" to "head" condensation of two molecules of 
geranylgeranyl pyrophosphate. They are yellow and red 
pigments essential for photosynthesis in plants. 	Animals 
cannot synthesise carotenoids, and required vitamin A (61), 
or a carotenoid precursor for normal growth and vision. 
Vitamin A itself, can be formed by cleavage of a C 40 
carotene precursor. 	The visual pigment in the eye is an 
enzymic protein, opsin, to which the carotene, 11-cis 
retinal is bound. 	In the process of vision, the retinal 
isomerises to its all trans form, shown in Scheme 26, and 
the protein changes its secondary structure. 
1.5 	The Shikimate Pathwa 
Whereas the polyketide pathway is the predominant 
route to secondary metabolites in fungi, the shikimate 
pathway is used to provide intermediates for synthetic 
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of the starting materials for the biosynthesis of shikimic 
acid i.e. erythrose-4-phosphate and phosphoenol pyruvate. 
They are both involved in the primary metabolism of 
glucose, available from photosynthesis, which is confined 
to plants and algae. 	The shikimate pathway gives rise to 
many important metabolites such as aromatic amino acids, 
alkaloids, lignins, naphthoquinones, and phenyipropanoids. 
The biosynthesis of shikimic acid proceeds as shown 
in Scheme.27, by condensation of erythrose-4-phosphate 
(62) with phosphoenol pyruvate (63) via nucleophilic 
addition, and cyclisation to give dehydroquinic acid (64). 
Dehydration of (64) yields 5-dehydroshikimate (65) which 
can be reduced to shikimic acid (66). 
The main pathways of shikimate metabolism lead on 
from vinyl ether formation of shikimic acid-5-phosphate 
(67) with phosphoenol pyruvate, and trans 1,4 elimination 
of phosphate to give choiismate (68), the last common 
intermediate of a large range of biologically important 
compounds. 	The shikimate pathway will not be discussed 
in detail due to its relatively minor importance in 
fungal metabolism. 
1.6 	Metabolites of mixed biosynthetic origin 
Although most secondary metabolites are derived from 
one metabolic pathway, a large number are biosynthesised 
from sub-units, derived from two or more metabolic path-



















classified into four main groups, depending on the origin 
of their sub-units. 
Polyketide and terpenoid 
Shikimate and terpenoid, e.g. the ubiquinones, 
furanocoumarins, and furanoquinolines 
Polyketide and shikimate, e.g. the flavonoids 
Terpenoid and tryptophan, e.g. the indole alkaloids. 
Only the first group will be discussed in any detail, 
as the remaining groups are of less importance in fungal 
secondary metabolism. 
1.6.1 Polyketide and Terpenoid Metabolites 
Hemiterpenoids or meroterpenoids are derived from the 
union of a polyketide with a terpenoid unit. The plant 
Cannabis sativa provides an interesting example of a 
meroterpenoid. 	(-)-L-Tetrahydrocannabinol (71) is the 
major psychoactive component of hashish, a preparation of 
the plant resin. 	Labelling studies have been rather 
unsuccessful, due to the poor incorporation of labelled 
substrates. 	However, the generally accepted pathway 54 
to 	-tetrahydrocannabinol is from olivetol (69), which is 
polyketide derived, and geranyl pyrophosphate. 	C- 
alkylation at the position shown in Scheme 28 yields the 
prenylated phenol, cannabigero]. (70), which can cyclise 
via alternative pathways to 1-tetrahydrocannabino1 (71). 
A classic example of a rneroterpenoid is the mould 
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established 55 the structure of the carbon skeleton as 
(77), and subsequent labelling studies indicated a mixed 
polyketide-terpenoid biogenesis. 	The proposed. biosynthetic 
pathway shown in Scheme 29, is based on the incorporation 
of labelled compounds by Penicillium brevi:compactum. The 
existence of the proposed intermediates, and the timing 
of the skeletal modifications is based on the following 
evidence. 
The dihydroxy-dimethyl-benzoic acid (72) labelled in 
the position shown, is incorporated into mycophenolic acid, 
whereas labelled orsellinic acid (73) is not, 56  thus 
establishing that C-rnethylation is pre-aromatic. 	Labelled 
5,7 dihydroxy-4-methyl-'1kthalide (74) is specifically 
incorporated into mycophenolic acid, whereas its 
5-0--methyl ester is not. 57 	(74) Is thus an intermediate, 
and 0-methylation must occur at a later stage in the path-
way. 	A. cell-free enzyme extract from P. brevicompactum 
was found to catalyse the synthesis of (75) from either 
mevalonic acid or farnesyl pyrophosphate, indicating their 
intermediacy. 58 	The hydroxy ketone (76) was also isolated 
from a cell-free preparation, and further, synthetically 
labelled (76) was specifically incorporated into (77) with 
a 45% conversion. 59 
However, the results of recent incorporation studies 
with advanced precursors, and of isotopic trapping 
experiments indicate that at least two pathways to (77) 
operate. 60 One is by direct oxidation and cleavage of the 
-21- 
central double bond, i.e. via (76), while the other 
involves a two stage removal of the terminal and central 
groups. The oxidation mechanism is proposed to follow 
the sequence; epoxidation, and rearrangement to a ketone, 
hydroxylation to an a-hydroxy ketone, and C-C bond 
cleavage to form the acid. 
Finally, the meroterpenoid, colletotrichin A, is 
discussed in the following section, as an example of the 
use of 13C nmr in biosynthetic study. 
13 	 61 1.7 	C Nmr methodology in biosynthetic studies 
13 
C Nmr is an integral component of the structure 
elucidation of secondary metabolites. 	It also has 
particular .value in interpreting precursor-intermediate-
metabolite relationships, using 13C labelled materials. 
Its major advantage over 14 C methods, is that it is non-
destructive. Enrichment of metabolic products can be 
evaluated without chemical degradation, and therefore 
smaller amounts of metabolites are necessary. 
Initially a proton-satellite method was used for 
detection of the site of 13C enrichment. 	The position of 
label was indicated by 13C-1H coupling stabellites in the 
nmr of the metabolite under investigation. 	However a 
major disadvantage of this method was that only proton-
bearing carbons could be observed, and in addition, 
coupling satellites could be obscured in complex spectra, 
by spinning side bands, and by the presence of small 
amounts of impurities. 
-22- 
This indirect method was superceded by the direct 
13c nmr method, with the development of multiscan, and 
pulsed Fourier transform techniques. 	These techniques 
enabled much faster spectral determination, and smaller 
sample sizes. 	Biosynthetic study necessitates the 
rigourous assignment of the natural abundance 13c nmr 
spectra of metabolites. 	Several techniques can be used 
to aid assignment, some of which are discussed below. 
The chemical shifts of signals in proton noise 
decoupled (pnd) 13  C nmr spectra, can be used to distinguish 
between aliphatic, olefinic and aromatic, and carbonyl 
carbons. 	Substituent effects are regular and generally 
additive, and tables for predicting the chemical shifts 
in hydrocarbons, and benzenoid aromatics are available. 62,63 
Quaternary, methine, methylene, and methyl carbons can be 
distinguished by single frequency of resonance decoupling 
(SFORD), and the new pulse sequence DEPT (distortibnless en-
hancement by polarisation transfer), discussed in Chapter 2. 
and 13C nmr resonances can also be correlated by the 
method of Feeney and Birdsall. 64 When the rf field of the 
decoupler is set at an exact 1  H frequency, all coupling due 
to that proton is removed. The attached carbon appears as 
a singlet, while other carbons show an off resonance 
coupling. 	The residual coupling is related to the actual 
coupling J, the frequency offset Lxv, and the decoupler 
power yH2 /2iiby the equation; 65 
Jr J. A V = yH2/2ir 
-23- 
The line frequencies observed in the 13  C nmr spectrum 
are then plotted against the 1H spectrum. 	The residual 
couplings are extrapolated to zero, which denotes the exact 
13 
and 'H chemical shifts of the carbon and attached 
hydrogen. 
Of particular use in distinguishing between quaternary 
carbons, and between carbonyl carbons, is the analysis of 
long range 13C-1H couplings, using specific proton de-
coupling. 	Observing the fully 1H.coupled 13C nmr spectrum, 
while irradiating a specific 'H frequency using low power, 
removes all coupling due to that proton, while the remainder 
of the spectrum is undisturbed. 
Overlapping resonances can often be separated by 
Lanthanide induced shifts. 66  Addition of a Lanthanide 
complex, results in chelation to groups susceptible to co-
ordination showing up in a chemical shift difference of 
13C carbons nearest the site of co-ordination. 
Deuterium isotope shifts can also be a valuable aid 
to assignment. 67 Replacement of exchangeable protons, 
with deuterons results in an isotopic shift of 11,0.25 ppm for 
directly attached carbons, and %0.1 ppm for geminal carbons, 
both effects being normally to hiqh field. 	The 13C 
resonance of the 2H substituted carbon is considerably 
different from that of the protonated species. 	There is a 
reduction in nuclear .Overhauser enhancement at this carbon, 
as it has no directly bonded protons, and its relaxation 
time will have increased. 	Furthermore, the resonance will 
-24- 
13 2 be split by C- H coupling, and the total intensity will 
be divided into the components of the splitting pattern. 
As a result of these factors, the 13  C signal of the 
substituted carbon is effectively removed from the spectrum. 
13C-Enrichment or deuteration at a specific site, by 
chemical synthesis, can also be used in assignment. 68 The 
use of model compounds of known assignment, for assignment 
of similar carbons in metabolites, however, must be 
exercised with caution. 
Once a full assignment of the 13C nmr spectrum of a 
metabolite has been made, a number of preliminary experiments 
must be carried out before administration of 13  C labelled 
precursors. 	Metabolite production must be monitored, to 
ensure a yield sufficient for 13C labelling studies; 
usually at least 10 mg 1 1 is necessary. 	It is also 
necessary to determine the efficiency of incorporation of 
precursors into the metabolite. 	Initial experiments 	with 
14 labelled substrates are normally carried out, and the 
efficiency of incorporation is determined as the dilution 
of precursor into the metabolite, and calculated by: 
Dilution - specific activity of precursor x  the number of specific activity of metabolite labelled sites 
Dilutions of 100 or less are necessary for detection of 
13C enrichment. 
Precursor incorporation is dependent on a number of 
variables, all of which have to be optimised. 	These 
include time of addition, incubation time, and level of 
Time 
Figure 2 Growth production curves for a typical batch 
culture. 
:i) MeCOSCoA ' -C 1 -C 2-C3-C4- 
	Jj-L 
1 	2 	3 	4 
b) Me13CO2No' 
C) 13H CO Na 
Figure 3 	Simulated p.n.d. 13  C n.m.r. spectra of a poly 
ketide derived moiety (a), at natural 
abundance, (b) enriched from [l- 13C)acetate, 
and (c) enriched from [2- 13C)acetate. 
. I * * 
(0) 
 
1 H 3 .?CO2Na - 	C low CCf11Cir 
3,6 bond 
cleavage 
I 	1 * 
(b) 	 -C 1—C2-C3 C4 - 
13 
Figure 4 	Simulated p.n.d. 	C n.m.r. spectra of a 
polyketide derived moiety (a) enriched from 
[1,2- 13C,acetate and (b) after cleavage or 
rearrangement of an originally intact unit. 
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addition. 	In microbial metabolism, maximum incorporation 
of precursor is usually obtained by addition at the start 
of the idiophase, as shown in Figure 2. Optimum time of 
addition can be determined by initial monitoring of 
14 metabolite production, and subsequent addition of C 
labelled precursors, at times around the start of maximum 
metabolite production. A lowering of metabolite yields' 
can occur withincreasing levels of precursor addition, 
and toxicity is sometimes exhibited at high precursor 
concentration. 	This effect is a result of perturbation 
of the idealised environment of the organism, by addition 
of precursors to the culture medium. 
Once these parameters have been determined, 13  C 
labelled substrates can be administered, and the 13  C 
enriched metabolite can be isolated for spectral analysis. 
Most primary biosynthetic precursors are commercially 
available, and intermediates appearing at a later bio-
synthetic stage can often be synthesised using 13  C labelled 
reagents such as 13CO2 , 13CH3 1, etc. 
Acetates for study of polyketide and terpenoid 
metabolites, are obtainable, labelled in either the 
carboxyl or methyl carbon, or both. Enrichment by singly 
labelled acetates indicates the origin of carbon atoms in 
the metabolites carbon framework, as illustrated in 
Figure 3. 	Figure 3a, shows the natural abundance 13C pnd 
nmr spectrum of a metabolite with a 4 carbon chain, 
originating from acetyl-00A. 	Figure 3b shows the effect 
-26- 
of incorporation of [1-13C)acetate into the metabolite. 
The signals corresponding to C-2 and C-4 show an intensity 
increase, whereas those of C-i and C-3 do not; providing 
evidence for the origin of C-2 and C-4 from the carboxyl 
carbon of acetate. 	Figure 3c shows the effect of incor- 
poration of [2-13C]acetate into the carbon chain. 	Now, 
the signals corresponding to C-i and C-3 show relative 
intensity increases, and therefore originate from the 
methyl carbon of acetate. 
Incorporation of doubly labelled acetates can provide 
additional biosynthetic information, as adjacent. 13C nuclei 
exhibit a 13  C- 13C spin-spin coupling. 	Incorporation of 
an intact doubly labelled acetate unit is demonstrated by 
13 C coupling satellites on either side of the natural 
abundance resonance, in the pnd 13C nmr spectrum. 	This 
situation is illustrated in Figure 4a, where C-i and C-2, 
and C-3 and C-4, originate from intact acetate units, and 
thus show 13C coupling satellites. Naturalabundance 
13 C nmr spectra show no homonuclear coupling, due to the 
low probability of adjacent carbon atoms in a molecule 
being 13  C isotopes. 	Coupling between adjacent carbons 
originating from different acetate units, is not normally 
observed, due to the low probability of two labelled 
acetate units being incorporated into adjacent positions 
in the same metabolite molecule. 
The size of the 13C-13C coupling constant reflects 
the hybridisation of the coupled carbons, and to a lesser 
-27- 
extent, the electronegativity of their substituents. 	The 
size of the 'J13 13 coupling increases with increasing 
C C  
's' character of the carbons involved, and is of the order, 69  
C 	35-40Hz 
C=C 	65-75Hz 
C - C= 45 Hz 
C E C 170 - 175 Hz 
The size of the coupling constant can therefore provide 
an additional check on structure and assignment. 
coupling can also arise from compounds enriched with a singly 
labelled precursor, as a result of molecular rearrangement. 
Lack of a 13C-13C coupling, indicates that cleavage 
of the original acetate unit has occured at some point 
during the biosynthesis. 	This is illustrated in Figure 4b, 
where 3,4 bond cleavage has occurred. 	In the resulting 
13 C nmr spectrum, c-3 and C-4 show 13C enrichment, but no 
13 13 C_ C coupling. 
Precursor incorporation is normally evaluated as a 
percentage enrichment; 
% enrichment = ( observed 13C abundance - 1.1 
natural 13 C abundance 
When incorporation is high, 13  C enriched sites, are 
obvious from visual inspection of spectra. With low 
incorporations however, greater care must be exercised in 
evaluating 13C enrichment. 	'3C Nmr line intensities are 
non-integral due to variable relaxation times and nuclear 
Overhauser enhancements. 	Quaternary carbons, where 13C-1H 






























prone to saturation and variable line intensities. 	This 
can be partially overcome by addition of a paramagnetic 
species (e.g. Cr(acac) 3 ). 	Paramagnetic relaxation 
becomes more significant, and nOe is partially quenched, 
resulting in more uniform line intensities. 
There are inherent errors in 13C line intensities due 
to digitisátion in the accumulation and transformation of 
data in the Fourier transform nmr process. 	In cases of low 
incorporation, natural abundance and enriched spectra should 
be run with identical concentrations, and instrument para-
meters. Line intensities can also be normalised to the 
intensities of all unlabelled peaks in the spectrum. 
The use of 13  C labelled acetates in biosynthesis is 
exemplified by work done on the fungal metabolite, 
colletotrichin A (78),7071 isolated from cultures of 
Colletotrichium nicotianae and C. capsici. 72 Administration 
of singly and doubly 13C labelled acetates, led to the 
proposed pathway shown in Scheme 30a. The biosynthesis 
proceeds by alkylation of a mono-C-methylated polyketide by a 
geranylgeranyL pyrophosphate derived bicyclic norditerpenoid. 
The pattern of incorporation of the labelled acetates also 
gives additional information on modification of the terpenoid 
chain. Both C-12 and C-13 are derived from the carboxyl 
carbon of acetate, indicating the epoxide initiated rearrange-
ment shown in Scheme 30b. 	Loss of the terpenoid carbon, 
occurs by Baeyer-Villiger oxidation, migration of the formyl 
group to the A ring, and hydrolysis. 	(79) And (80) have 
-29- 
been isolated as co-metabolites of (78), with the 
labelling pattern shown, lending weight to their inter-
mediacy in the biosynthesis of colletotrichin A. 
-30- 
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Aspergillus ustus is one of the most prevalent fungi 
in soil and decaying vegetation. 	It is also a known 
contaminant of stored foodstuffs such as cereals, pulses 
and cheese. 	A. ustus is known to produce a number of 
- 	secondary metabolites of varied biosynthetic origin. 
The first secondary metabolite isolated from A. ustus 
in 1951 was ustic acid, which was shown to have the phenolic 
structure (1) by chemical degradation) 	It is formally a 
pentaketide, arising from the most common mode of pentaketidE 
cyclisation, as shown in Scheme 1. 	In common with a number 
of aspergillus species, A. ustus is known  to produce kojic 
acid (2). 	The major pathway to kojic acid is by direct 
conversion of glucose, 3 as shown in Scheme 2. 
In 1971, extraction and isolation of toxic maize-meal 
cultures of A. ustus, led tothe isolation of austamide (3), 
and a spectral determination of its structure by Steyn. 4 
Four other related diketopiperazines were later isolated, 5 
one of which, (3) seems a likely biogenetic precursor to 
(4). 	Austamide is an indole alkaloid, and a likely 
biosynthetic pathway to it would be from tryptophan, 
isopentenyl pyrophosphate, and proline as illustrated in 
Scheme 3. 
Later work by the same group, 6 resulted in the 
isolation and structure determination of austdiol (5). 
This metabolite was found to be the major active component 
of toxic maize-meal cultures of A. ustus. 	The same 
authors later reported  the isolation of dihydrodeoxy-8- 
CO H OH 
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epi-austdiol (6), as a minor co-metabolite of (5). 	The 
results of incorporation of [ 13 C2 ] -acetate into austdiol, 
confirmed its biogenesis from a pentaketide. 8 	In the 
proton decoupled 13 C n.m.r. spectrum of the enriched 
metabolite, carbons 1,3,4,10,11,12 showed the expected 
triplet pattern due to the natural abundance signal, and 
homonuclear coupling. 	Carbons 5,6,7,8,9 however, 
exhibited a quintet splitting, indicated a partial 
scrambling of label, and implying the intermediacy of the 
symmetrical dialdehyde (7) in the biosynthesis of austdiol, 
as shown in Scheme 4. 
In 1974, a group of interrelated metabolites, (8), 
(11)-(15), was isolated from A. ustus. 9 	The major 
metabolite (8) was named autocystin A, and its structure 
determined by chemical degradation and n.m.r. techniques. 
Autocystin A exhibits a linear fusion between xanthone 
and bisdihydrofuran systems, reminiscent of sterigmatin, 
a minor metabolite of aflatoxin producing organisms. ° 
In the biosynthetic pathway to the aflatoxins proposed by 
Buchi 11 (see Chapter 4), the berizophenone carboxylic acid 
(9) is a key intermediate. 	As shown in Scheme 5 rotation 
about (a) leads to an angular system as in sterigmatocystin 
(10), while no rotation, or rotation about (b) could lead 
to the linear system of the autocystins. 	Lending weight 
to the proposed biogenesis of the autocystins from a C 20 
polyketide precursor, is the co-occurrence ! 9 albeit in 
minor amounts, of versicolorin C, averuf in, and sterigmato- 
cystin (see Chapter 4). 	More recently, 12  Steyn reported 
(21) 
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the isolation of a further four xanthones, (16), (17), 
(18), (19), related to autocystin A, and an anthraquinone 
8-deoxy-6-0-methylversicolorin A (20) from a toxigenic 
strain of A. ustus. 
In 1980, another biologically active metabolite was 
isolated from a strain of A. ustus found on Pisum sativa) 3 
Pergillin, C 15H1004 , was shown to have moderate plant 
growth inhibiting properties, and its structure (21), was 
determined by X-ray diffraction. 	The metabolite can be 
formally biosynthesised by alkylation of a pentaketide by 
dimethylallyl pyrophosphate, as shown in Scheme 6. 
More recently, the austalides e.g. (23), have been 
isolated from A. ustus) 4 	They represent a new structural 
type among mycotoxins, and seem to be related to 6-farnesyl-
5,7-dihydroxy-4-methylpthalide (22), which is a known 
intermediate in the biosynthesis of mycophenolic acid. 15 
A. ustus, therefore, has enzymes capable of the 
synthesis of a variety of polyketides, and also metabolites 
of meroterpenoid origin. 
2.2 Biocrenetic Proposals for Austin 
In 1976, the investigation of a strain of A. ustus 
found on stored black-eyed peas, resulted in the isolation 
of a novel mycotoxin named austin. 16 	Its structure was 
shown to be (24) by X-ray crystallography and the authors 
proposed a sesterterpenoid origin. 
The sesterterpenes are the newest and smallest class 
of terpenoid compounds. 	They consist of five isoprene 

































units, and conform to a few basic structural types. 
Acyclic sesterterpenes, such as gerany1farnesol, 17 and 
gèranylnerolidol, 18 have been isolated from fungal and 
insect sources. 	Also included in this structural type, 
are the ircinins e.g. ircinin-1 (25), a series of 
furanoid metabolites isolated from the marine sponge, 
Ircinia oros. 19 ' 2° Other C21 furano-terpenes have also 
been isolated from sponges, and are considered to be 
derived from degradation of sesterterpenes, 21 
e.g. furospongin-1 (26). 
The first sesterterpene to be isolated and classified 
was gascardic acid (27), extracted from the lac of the 
insect Gascardia madagascariensis. 22 	Its structure was 
elucidated by Arigoni and co-workers by means of de- 
gradative sequences. 23 	Biogenesis of gascardic acid is 
thought to arise from geranylfarnesyl pyrophosphate by 
the sequence shown in Scheme 8. 
The majority of sesterterpenoids isolated from 
natural sources have the ophiobolin skeleton. 	Ophiobolin 
A (28) was isolated from the plant pathogenic fungus 
Cochliobolus miyabeanus, 24 and its structure determined 
by X-ray analysis of a bromo-derivative, and chemical 
degradation. A number of biosynthetic experiments with 
cell-free systems of Cochliobolus heterostrophus were 
carried out, 25  and the results were interpreted in terms 
of the biosynthetic route illustrated in Scheme 9. 	A 
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the ophiobolin skeleton. 26,27 	Closely related to the 
ophiobolins are metabolites isolated from the wax of the 
scale insect Ceroplastes albolineatus 28 e.g. ceroplasteric 
acid (29) . 	These insect secre -.tions differ from the 
ophiobolins in the stereochemistry of A/B ring fusion 
which is trans. 
Chielanthatriol (30) isolated 
29  from the fern, 
Cheilanthanes farinosa, and scalarin (31) isolated from 
the sponge Cacospongia scalaris, 3° show cyclisation 
patterns typical of triterpenoids. 	Their structures, 
determined by spectral studies and chemical degradation, 
could arise by cyclisation of geranylfarnesyl pyrophosphate 
as shown in Scheme 10. 
Another structural type is that of retigeranic acid 
(32), a pentacyclic sesterterpene. 	It was isolated 
31 	from 
the lichens Lobaria isidiosa and Lobaria retigera, and its 
biogenesis from geranylfarnesyl pyrophosphate was proposed 
to be as shown in Scheme 11. 	As yet, retigeranic acid, 
and gascardic acid, are the only members of their 
structural types to be isolated, while only a few members 
of the chielanthátriol class have been discovered. 
Recently three further structural classes of sester-
penes have been discovered. 	In 1980, stellatic acid (33), 
isolated from Aspergillus variecolor, was found to be the 
first example of a new class of sesterterpenoid with a 
unique skeletal structure composed of an 11-6-5 membered 
tricyclic system. 32 	It is presumably derived from (34), 
/\ 
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the expected primary cyclisation product of all trans 
geranylfarnesyl pyrophosphate. 	Investigation 33  of the 
secretions of the orchard pest insect, Ceroplastes 
floridensis, led to the isolation of the sesterterpenes 
(35)-(38). 	Both these new structural types may be 
derived from (2Z)-geranylfarnesyl pyrophosphate, by a 
cyclisation involving the migration shown in Scheme 12. 
Austin would represent a new structural type of 
sesterterpene, and could possibly be formed by an initial 
cyclisation as occurs in chielanthatriol, and subsequent 
modification. A further alternative is that austin 
could be a degraded triterpene. 
The liminoids, or meliacins, are triterpenoids 
produced by trees of the meliacae family, and are the 
bitter principles of citrus fruits. 	A recently isolated 
liminoid, is the lactone (39) isolated from Carapa procera 
bark. 34 	Its structure shows some similarity to austin, 
especially the spiro-lactone ring system and the olefinic 
methyl of the B ring. 	The rearranged spiro-lactone could 
presumably be formed from an a.B-unsaturated £-lactone, 
followed by Michael addition of the 7a-hydroxy group to 
the conjugated system. 	And indeed, a number of liminoids 
have this ring A cleaved e-lactone structure e.g. 
obacunol (4Q)•35 
A fungal metabolite which also has this spiro-lactone 
system, is andibenin (41), isolated from A. variecolor. 36 














andibenin, but subsequent experiments with 13C-iabelled 
acetates, indicated a biogenetic relationship to the 
triprenyl phenols 
The triprenyl phenols are metabolites of mixed bio-
synthetic origin, arising from alkylation by farnesyl 
pyrophosphate of an, usually polyketide derived, aromatic 
nucleus, of the orsellinic acid/orcinol type. 	Examples 
of triprenyl phenols are grifolin (42) ,38  where the 
farnesyl side chain is still intact, and siccanin (43), 39 
where the side chain has undergone cyclisation and 
modification. 	The co-occurrence of acyclic and cyclic 
compounds suggests that cyclisation of the farnesyl 
moiety occurs after its introduction onto the aromatic 
system. 	Mycophenolic acid, the biosynthesis of which 
was discussed in Chapter 1, is another example of a 
triprenyl phenol; the aromatic nucleus in this case being 
5 ,7-dihydroxy--4-methylpthalide. 
The results of the incorporation of singly and doubly 
13C-labelled acetates and methionine into andibenin, are 
in agreement with the proposed biosynthetic route shown 
in Scheme 13. 	The biosynthesis proceeds by alkylation of 
a bis-C-methylated tetraketide derived phenolic precursor 
by farnesyl pyrophosphate, to give the intermediate 
 
Epoxide initiated cyclisation of the farnesyl moiety 
then yields intermediate (46). 	Intramolecular (4+2) 
cycloaddition, and subsequent elaboration of the spiro-
lactone ring system, would complete the carbon skeleton of 
[0] 












andibenin. 	The biosynthesis of andibenin is unique in 
having three carbon-carbon bonds between the terpenoid 
and polyketide units. 	Other features such as the 
introduction of two different alkyl groups onto the same 
carbon atom of the aromatic precursor (44) and the position 
of linkage to the terpenoid chain are also without pre-
cedent. 
Austin has many structural similarities to andibenin, 
and a common biosynthetic origin seemed feasible. 	The 
triprenyl phenol intermediate (45) proposed for andibenin 
can also be transformed into austin as shown in Scheme 14. 
A second addition to the farnesyl side chain, together 
with an epoxide initiated 'squalene type' cyclisation 
would yield the tetracyclic structure (47). 	Addition of 
oxygen, and ring contraction yields the cyclopentanone 
structure (48). 	Modification of the tetraketide portion 
is completed by insertion of oxygen and condensation of the 
y-lactone moiety. 	Elaboration of the farnesyl moiety to 
the spiro-lactone system, followed by addition of an 
acetyl unit in the appropriate position, completes the 
transformation. 	Incorporation of [ 13C]-labelled acetates 
can distinguish between a meroterpenoid biosynthesis such 
as this, and a polyisoprenoid biosynthesis. 
Chexal's medium for austin production was composed 
of mycological broth, shredded wheat, sucrose and yeast 
extract. 16 However, for biosynthetic studies, a completely 
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Incubation time / Days 
Figure 1 	Production of austin (24) in cultures 
of Aspergillus ustus (a) Orginal culture 
(5) Fresh culture 
-44- 
obtaining good incorporation of precursors is ensuring 
even distribution of added precursor, and thereby an 
homogeneous uptake of label by the mycelium. 	In static 
cultures, this is facilitated by even growth of the 
mycelial mat, with the nutrients dissolved in a wholly 
liquid-phase medium. 
In preliminary work on the biosynthesis of austin in 
1979, Wicnienski sought a medium suitable for incorporation 
studies. 40  A number of different media were tested for 
austin production, including one obtained by grinding 
black-eyed peas. 	The most successful was a modified 
Fries medium, which yielded austin at the level of 
23 mg/litre, and gave incorporation of [ 14C]acetate into 
austin with a dilution of 14. 	However an improvement of 
this level of production and incorporation of [ 14C]acetate, 
was desirable before undertaking 13C labelling studies. 
2.3 	Results and Discussion 
Aspergillus ustus was initially grown in static 
culture on a Czapek-Dox medium. 	Careful chromatography 
of the ethyl acetate extract of the culture liquors gave 
a small yield (ca 5 mg/litre) of austin. 	A medium 
consisting of malt extract and mycological peptone was 
then tried and this gave a good yield (ca 70 mg/litre) 
of austin. 	The metabolite production with time was then 
determined and the growth production curve shown in 
Figure la was obtained. 
Austin production was observed to reach a maximum 
Table 1: Incorporation of E2-14C] acetate into austin 
Addition Wt. 	of austin Specfic activity Dilution 
time ( hrs). 	isolated ( mg) (xl 0 	dpm/minol)  
48 17 4.55 112 
72 32 6.79 75 
96 30 5.2 98 
120 24 3.46 147 
Table 2: Austin production on different media 
Modified 	Fries 	Fries 	Y.E.S. 	Czapek-Dox 	M.E.P. 
Crude 
extract 	318 	 279 	366 	319 	400 
(mg) 
Austin 	96 	 92 	81 	 30 	115 
(mg) 
Table 3: Incorporation of [2- 14C] acetate into austin 
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7.12 72 
8.48 	 60 
8.82 58 
7.8 	 65 
7.5 	 68 
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14 days after innoculation of spores, at which time the 
metabolite was recoverable at a level of 70 mg 1 1 . 
The experiment also indicates that the optimum time of 
precursor addition would be between 2 and 5 days after 
innoculation. 	Preliminary experiments with [ 14 Clacetate 
confirmed its incorporation into austin, and gave the 
results shown in Table 1, indicating an optimum addition 
time of 72 hours after initial innoculation. 
However, before (13C]acetate incorporations could 
be carried out, our culture lost all capacity for austin 
production. 	After obtaining a fresh culture of A. ustus, 
a variety of different media were tested, in an attempt 
to improve austin yields. 	The modified Fries medium of 
Wicnienski, Fries medium, yeast extract-sucrosemedium, 
Czapek-Dox medium, and our original malt extract and 
peptone (M.E.P.) medium, were all innoculated with a spore 
suspension of A. ustus, incubated for 14 days, and 
subjected to solvent extraction, and T.L.C. separation, 
giving the results listed in Table 2. 	The medium best 
suited to austin production was observed to be our 
original medium, yielding austin at the improved level of 
110 mg 1. Monitoring of metabolite production by the 
fresh culture, enabled the growth-production curve shown 
in Figure lb to be plotted, while ( 14 C]acetate experiments 
again indicated an optimum addition time of 72 hours after 
initial innoculation, as shown in Table 3. 	Precursor 
addition at 72 hours, resulted in a dilution of acetate 
into austin of around 60, an acceptable level for the 
Table 4: 'H n.m.r. spectrum of austin (24) 
6 H Hydrogen (p.p.m.) Multiplicity (J in Hz) 
1 6.72 d(9.9) 
2 6.11 d(9.9) 
6 * 
6 * 
70(. 3.21 ddd(13.2,13.2,3.0) 
7 * 
11 6.03 s 
1 5.49 d(l.6) 
5.76 d(l.6) 
51 4.46 q(6.5) 
12-Me 1.19 s 
13-Me 1.85 S 
14-Me 1.53 s 
15-Me 1.38 s 
9'-Me 1.61 s 
10 1 -Me 1.29 d(6.5) 
OAc 2.02 s 
OH 4.19 s(exchangeable) 
others(*) 1.5 - 	1.8 m 











Figure 2 	360 MHz 1H n.rn.r. spectrum of austin (24) 
-46- 
interpretation of the 13  C n.m.r. spectra of enriched 
metabolites. 
However, a rigorous assignment of the natural 
abundance 13  C n.m.r. and 'H n.m.r. spectra was necessary, 
before attempting the incorporation of [ 13C]-labelled 
acetates. 
2.3.1 	1H n.m.r. assiqnment for austin 
The simplicity of the 1H n.m.r. spectrum of austin 
(24) shown in Figure 2 and summarised in Table 4, is 
attributable to the high degree of insulation of the 
protons in austin. 	There are seven methyl groups between 
61 and 2, one of which appears as a doublet at 61.27, due 
to coupling to the lone proton on C-5', and can therefore 
be assigned to the 10'-Me. 	The lowest field methyl group 
at 62.00, can be assigned to the acetyl group, on 
chemical shift grounds, while the signal at 61.84 is 
typical for an olefinic methyl, and is assigned to the 
13-Me. 	The remaining methyl groups cannot be assigned 
without further experimentation. 
There is a 3 proton multiplet between 61.5 and 1.7, 
attributable to the methylene protons on C6, and the 7-
proton. 	The 7a-proton appears as a multiplet at 63.12; 
its unusual chemical shift resulting from deshielding due 
to the close proximity (2.12R), 16  of the hydroxyl oxygen 
on C-6 1 . 	The singlet at 63.6 is assigned to the hydroxyl 
proton, as it disappears on exchange with D 20, while the 
Table 5: 	13 C n.m.r. 	spectrum of austin 
Sc Assignment Multiplicity 1  j > 1 j DEPT 
170.8 81 S - quaternary 
170.1 4' Sd - 4 11 
168.4 cE 3co Sqd - 7,5 
163.6 3 Sdd - 11,5 of 
146.5 1 Ddd 165 6,3 methine 
143.8 10 Sm - * quaternary 
137.5 2' Sm - * 
132.6 9 Sm - * 
120.2 2 D 171 - methine 
118.0 1' T 141 - methylene 
85.5 4 Sm - * quaternary 
84.1 3' Sdt - 10,5 
80.6 6' Ssex - 4 
78.7 5' Dq 150 5 methine 
74.7 11 Dq 153 4 to 
62.8 7' Sm - * quaternary 
46.6 5 Sm - * 
42.1 8 Sm - * 
27.0 6 Tm 129 * methylene 
26.5 7 Ddin 129 * 
25.9 15 Qq 127 4 methyl 
23.5 12 Qt 125 5 
22.4 14 Qq 127 4 
20.6 CH CO Q 129 - 
20.2 9" Q 129 - N 
15.4 13 Q 130 - 





9 Me 10' 
08' 0 
4 14 




quartet at 64.4, must be due to the 5' proton, as it 
exhibits a 6.5 Hz coupling to the 10' methyl protons. 
Of the lower field resonances, only the signal at 
66.0 shows no coupling, and must therefore be due to 
H-li. 	The exocyclic methylene group gives rise to the 
doublets at 55.69, and 55.45 (J = 1.6 Hz), while the 
remaining signals at 56.62 and 56.06 (J = 9.9 Hz) are 
assigned to H-i and H-2 respectively on the basis of 
their chemical shift, and their typical cis-olefinic 
coupling. 
2.3.2 	13  C n.m.r. assignment for austin 
All 27 carbon atoms give rise to signals in the 
proton noise decoupled 13  C n.m.r. spectrum, at the 
chemical shifts listed in Table 5. 	The multiplicity 
of the signals in the S.F.0.R.D. and the fully 
coupled spectra, are also shown, allowing quaternary, 
methine, and methyl carbons to be distinguished. 
The new pulse sequence D.E.P.T. 41 can also be used 
to determine the number of protons attached to each carbon. 
Distortionless Enhancement of n.m.r. signals by 
Polarisation Transfer is a pulse sequence which, as well 
as providing signal to noise enhancement, allows the 
generation of individual CH1 . CH  and CH  subspectra. 
Due to the characteristics of the D.E.P.T. sequence, 
different CH groups exhibit enhancement at different 
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----=-• -i 	-- 
Figure 3 	(a) Normal p.n.d. 
13  C ri.rn.r. spectrum of 
austin and D.E.P.T. spectra showing 
(b) methines only, (c) rnethylenes only, 
(d) methyls only and (e) quaternary carbons 
only. 
-48- 
enhancement of 'rh/Ic  at U = , CH2 at U = 	while 
CH  carbons exhibit maximum enhancement of 1.15y h  /y  c  at 
U = 0.196ir. 	The variation of CH groups with U have 
different mathematical dependencies, and by appropriate 
ir 	Tr 	37r combinations of spectra recorded at 0 = -, and 
individual CH11 CH  and CH  subspectra can be plotted. 
This technique is of particular value in congested spectra, 
where the multiplicities of carbons in the S.F.0.R.D. 
spectrum may be difficult to determine. 	The D.E.P.T. 
sequence also allows the generation of individual fully 
1H-coupled CH,CH2 and CH  subspectra. 
The spectra obtained from the D.E.P.T. n.m.r. 
experiment on austin are shown in Figure 3, and the 
results listed in Table 5. 
The signals in the 13  C n.m.r. spectrum can be 
divided as shown, into 5 groups; oxygen bearing sp 2 , sp 2 , 
oxygen bearing sp 3 , sp 3 , and methyl carbons. 	Of the 
sp2 carbons, only the resonances at 146.5 and 120.2 ppm 
appear as doublets in the S.F.O.R.D. spectrum. 	They are 
assigned to C=l and C-2, on grounds of their respective 
chemical shifts, and by analogy with andibenin-B, where 
the same carbons appear at 151.8 and 118.3 ppm. 42 	The 
signal appearing as a triplet at 118.0 ppm can be 
assigned to the exocyclic methylene carbon C-l. 
Only two of the sp 3 carbons can be assigned a priori. 
They are the methylene carbons C-6 and C-7, at 27.0 and 
26.5 ppm. 	The C-6 resonance appears as the expected 
Table 6: The effects ofspeific proton irradiations onthe multiplicities due to long range couplings observed in the 
fully H-coupiJ C n.m. r. spectrum of austin. 
SH (ppn) 
ç 6.72 6.03 5.76 5.49 	4.46 4.19 	1.85 1.61 1.53 	1.38 	1.26 
0 C(çn) Multiplicity 	+1)20 	11-1 H-il H-l' H-i' H-5' CH 13-Me 9 1 -Me 14-Me 15-Me 10-Me Assignment 
170.8 S 	d-s d-s 8' 
170.1 Sd 4' 
168.4 Sqi qd-q (ii CX) 
163.6 Sdd 	di-d 
146.5 Ddd 1 
143.8 Sm sh sh 10 
137.5 Sm sh  
132.6 Sm sh 9 
85.5 Sm sh 	sh 4 
84.1 Sm sh sh sh m-t  
80.6 Ssex 	sex-pen sex-pen sex-pen pen _d* 6' 
78.7 Dq q-s 5' 
74.7 Dq q-s 11 
62.8 Sm sh sh 7' 
46.6 Sm sh 5 1 
42.1 Sm 8 
Key 	sh = sharpens 
d-s = doublet becomes singlet 
sex-pen = sextet becomes pentet 
dd-d = doublet of doublets becomes doublet 
= quartet of doublets becomes quartet 
m-d = irultiplet becomes doublet 
m-dt = irviltiplet becomes doublet of triplets 
q—s = quartet becomes singlet 
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Figure 4 	The 73-86 and 163-172 ppm regions of the 
fully 1H coupled 13 C n.m.r. spectrum of 
austin, and results of D 2  0 exchange and 
selective low power decoupling experiments. 
-49- 
triplet in the S.F.O.R.D. spectrum, while C-7 gives a 
doublet of doublets, due to the large chemical shift 
difference of the C-7 methylene protons. 
Structural complexity, and lack of suitable models 
precluded assignment of the remaining resonances, without 
recourse to further spectral techniques. 	The problem 
was solved by analysis of long-range 1H-13 C couplings 
observed in the fully 1H-coutled 13C n.m.r. srectrum 
using a series of low power specific 1H decoupling and 
exchange experiments, and by correlation of 1H and 
13 n.m.r. resonances using the method of Feeney and 
Birdsall, as described in Chapter 1. 
The application of specific 1H decoupling techniques 
to complex alicyclic structures is facilitated by the 
use of very high field spectrometers, where in addition 
to the higher sensitivity and dispersion of the 13C n.m.r. 
spectrum, the extra dispersion of the 1H spectrum, allows 
specific 1H irradiation to be achieved more easily. 
The effects on the fully 1H couoled 13 C n.m.r. 
spectrum of specific 1H irradiations are summarised in 
Table 6, while Figure 4 shows the appearance of the fully 
coupled 13C n.m.r. spectrum in the carbonyl and oxygen 
bearing aliphatic regions, and the effect on the spectrum 
of a number of specific decouplings and 2H exchange. 
Each of the four carbonyl resonances gives a distinct 
signal. 	C-3 appears as a doublet of doublets at 163.6 ppm 
with the observed 11 and 5 Hz couplings being removed in 
-50- 
turn, by irradiation of H-i and H-2 respectively. 	The 
acetate carbonyl appears as a quartet of doublets at 
168.4 ppm, which simplifies to a quartet on irradiation 
of H-li. 	The remaining quartet coupling is a two bond 
coupling to the acetate methyl protons. 	The doublet at 
170.1 ppm collapses to a singlet upon irradiation of the 
hydroxy proton at 4.04 ppm, allowing its assignment to 
C-4 1 . 	Addition of D 2  0 also removes this coupling, and 
a concomitant y- 2H isotope shift of 0.04 ppm is observed. 
The remaining carbonyl resonance at 170.8 ppm shows no 
long-range coupling, and so, by a process of elimination 
is due to C-8'. 
The oxygen bearing aliphatic region can also be 
fully assigned by the application of similar 1H de-
coupling experiments. 	The signal at 80.6 ppm appears as 
a sextet in the fully 1H-coupled 13C n.m.r. spectrum, 
which collapses to a pentet on irradiation of, either 
H-5' at 4.46 ppm, or the hydroxy proton at 4.04 ppm, 
allowing its assignment to C-6'. 	Addition of D 20, has 	a 
similar effect, with a concomitant 8-deuterium isotope 
shift of (-0.05 ppm). 	Further irradiation of the 10'- 
methyl protons, at 1.26 ppm, collapses the pentet to a 
doublet, with the residual coupling of 4 Hz being to 
H-5'. 
Irradiation of the 10'-methyl protons, also reduces 
the doublet of quartets (J = 150 and 5 Hz) at 78.7 ppm to 
a doublet, which is therefore assigned to C-5 1 . 	The 
-51- 
doublet of poorly resolved quartets (J = 153 and 4 Hz) 
at 74.7 ppm must therefore be due to C-li. 	Irradiation 
of the methyl protons at 1.61 ppm removes the quartet 
splitting, and therefore identifies the irradiated 
protons, as the C-9 methyl protons. 	Irradiation at 1.61 
ppm also simplifies the multiplet at 84.1 ppm, to a 5 line 
multiplet as shown in Figure 4, which arises from 
couplings, of 5 Hz and 10 Hz to the l'-methylene protons, 
and a coupling of 5 Hz to the H-ll allowing its assignment 
to C-3. 	The remaining diffuse multiplet at 85.5 ppm, 
must, by a process of elimination be due to C-4. 
Irradiation of the methyl resonances at 1.34 or 1.52 ppm, 
results in an intensity increase of the C-4 signal, thus 
identifying the methyl resonances as the C-14 and C-15 
methyl groups. 	Irradiation of the 9-methyl protons also 
causes the multiplet at 137.5 ppm to simplify and 
sharpen, allowing its assignment to C-2. 
In the olefinic region of the spectrum, only two 
remaining resonances require assignment. 	The diffuse 
multipiets at 132.6 and 143.8 ppm are both sharpened on 
irradiation of the 13-methyl resonance at 1.85 ppm. 
Irradiation of H-il results in a sharpening of the 
multiplet at 143.8 ppm, indicating its assignment to C-la. 
However, the final unambiguous assignment of the C-9 and 
C-10 resonances, comes from the 13C spectrum of austin, 
biosynthetically enriched from (1,2-13C2]acetate, in 




Figure 5 	Long range 1H-13c couplings in austin (24) 
selectively removed by low power decoupling 
experimen ts . 
-52- 
43 Hz to C-li and C-13 respectively. 
Irradiation of either of the 1'-methylene protons, 
results in a sharpening of the multiplet at 62.8 ppm, 
and identifies it as the 7'-quaternary carbon. 	The 
remaining resonances at 46.6 and 42.1 ppm, must therefore 
be due to the quaternary carbons C-5 and C-B. 
Correlation of 1H and 13C resonances, by means of 
a Feeney plot experiment, indicated that the proton 
resonances at 1.19, 1.29, 1.38, 1.53, 1.61, 1.85 and 2.02 
ppm are coupled to the carbon resonances at 23.5, 11.3, 
25.9, 22.4, 20.2, 15.4 and 20.6 ppm respectively. 	These 
data, together with observation of the effect on the 
fully 1H-coupled 13C n.m.r. spectrum of irradiation of 
the methyl proton signals, allows the unambiguous assign-
ment of the methyl regions of both the 1H and 13C n.m.r. 
spectra. 
The connectivity patterns, revealed by detection of 
long range 1  H-  13 C couplings described above, are 
summarised in Figure 5. 
2.3.4 	Incorporation of 13 C-labelied acetates 
Singly and doubly 13 C-labelled acetates were 
accordingly fed to the organism, and the 13C-enriched 
austins were isolated from the culture media 14 days 
after initial innoculation. 	The p.n.d. 13 C n.rn.r. 
spectra of the singly labelled acetate enriched austins 
displayed the signals and line intensities shown in 





abundance 13 [1- 	C] 13 [2- 	Cl 13 [1- 	Cl 13 [2- 	C] 
8' 170.0 108 88 63 173 109 
4' 169.2 107 77 60 152 104 
CH CO 167.6 99 90 54 177 93 
162.6 103 51 104 100 180 
1 145.9 94 52 74 102 128 
10 142.9 104 106 54 209 93 
2' 137.3 101 87 66 171 114 
9 132.3 110 49 105 96 182 
2 119.7 84 113 60 223 104 
1' 117.2 103 57 95 112 164 
4 84.7 118 121 52 238 90 
3' 83.5 108 45 88 89 152 
6' 80.1 100 74 60 146 104 
5' 78.1 161 55 116 108 201 
11 74.1 136 160 79 315 137 
7' 62.5 107 46 73 91 126 
5 46.1 100 48 73 95 126 
8 41.6 91 108 47 213 81 
6 26.5 126 146 73 253 126 
7 26.1 122 69 142 136 246 
15 25.3 108 57 113 112 196 
12 22.9 96 62 98 122 170 
14 21.8 93 45 91 89 157 
CH CO 19.9 91 44 82 87 142 
19.6 99 57 41 112 71 
13 14.6 88 39 89 77 154 
10' 10.8 64 31 - 61 - 
• [1-13 13 C1-acetate 
















Table 8: 	[ 13C]-acetate incorporations into austin 
1 	13 	1 3C) J( C- Hz 	Enrichment 
Enrichment 
level 	%) (atom Carbon "C(ppm) 
1 146.5 - * 0.4 
2 120.2 66 . 1.8 
3 163.6 67 * 0.8 
4 85.5 42 . 1.1 
5 46.6 34 * 0.3 
6 27.0 34 . 1.1 
7 26.5 - * 1.1 
8 42.1 34 . 1.5 
9 132.6 46.5 * 0.7 
10 143.8 43 . 1.1 
11 74.7 47.5 . 1.5 
12 23.5 35 * 0.9 
13 15.4 44 * 0.8 
14 22.4 43 * 0.8 
15 25.9 - * 0.9 
 118.0 76 * 0.7 
 137.5 76 . 0.8 
31 84.1 - * 0.5 
 170.1 - . 0.5 
 78.7 34 * 0.3 
 80.6 34 0.5 
 62.8 54 * 0.2 
 170.8 54 . 0.7 
 20.2 - 0 20 
 11.3 - a 20 
CH 3CO 168.4 60 . 0.9 
CH 3CO 20.6 61 * 0.6 
• [l-C]-acetate enriched 
* 13 [2- 1 1-acetate enriched 
O [Me- C]-methionine enriched 
-53- 
Table 7. 	The line intensities were normalised by 
comparison of apparently unenriched carbon line inten-
sities, with the intensities of the same carbons in the 
natural abundance spectrum. 43 
Analysis of the normalised line intensities reveals 
the enrichment of 14 carbons from [2-13C]acetate, as 
shown in Table 7. 	Only two carbons showed no enrich- 
ment, C-9 and C-10; a result which is in agreement with 
the proposal of a bis-C-methylated tetraketide derived 
phenolic precursor (44). 	In the phenol, these methyl 
groups would be derived from C-inethylation of S-adenosyl- 
methionine. 	(Me-13 C]methionine was subsequently fed 
to the culture, and the 13  n.m.r. spectrum of the isolated 
metabolite, showed the C-9 and C-10 resonances to be 
highly enriched. 
The observed levels of 13  C enrichment are much lower 
than expected from (14C]acetate experiments, 0.9% for 
[1-13C]acetate, and 0.6% for (2- 13CJ acetate. 	The 
different levels of incorporation may be due to the 
greater number of [2- 13C]acetate-enriched carbons, and the 
slightly higher level of addition of [1-13C]acetate. 
The coupling constants obtained in the spectrum of 
[1,2-' 3 C 2 ] acetate-enriched austin, are also shown in 
Table 8. 	Ten acetate units are therefore incorporated 
into the metabolite intact, i.e. C-2 and C-3, C-4 and 
C-14, C-5 and C-6, C-8 and C-12, C-9 and C-ll, C-10 and 
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yCD 3 
CO2 Et 	 CO2 Et 	 CO2Et 
RH 	(51)RH 	 (53) 
R:OH 	(52)R0 H 
Table 9: Incorporation of orsellinate (51) and (52) 
into austin 
Precursor 	 Austin Isolated 	 Dilution 
(mgs) 
24 	 2290 
36 	 21 
-54- 
carbons of the acetoxy substituent. These results are 
all consistent with the proposed biogenesis from a 
phenolic tetraketide, alkylated by farnesyl pyrophosphate 
as shown in Scheme 15. 	The 13 C labelling studies also 
indicate a common biosynthetic origin for austin and 
andibenin B. 
2.3.5 	Incorporation of 14  C- and 
2H-labelled orsellinates 
In the case of andibenin, a number of tetraketide 
derived phenolic carboxylic acids could be postulated as 
precursors. 	In order to gain information on this, a 
series of 14  C labelled compounds (49-52) and the tn-
deuteriomethyl compound (53) were synthesised, 44  and their 
incorporations studied. 45  Analysis of the andibenins 
isolated from these experiments, indicated that significant 
radioactivity from (51) and (52) was incorporated into 
the metabolite, whereas (49) and (50) showed no 
significant incorporation. 	Thus C-methylation of the 
tetraketide occurs prior to aromatisation, in contrast to 
introduction of the sesquiterpene moiety, which occurs 
after aromatisation. 	However both the dihydric (51) and 
monohydric (52) phenols were incorporated with comparable 
efficiency (specific incorporations of 1.07 and 0.43% 
respectively), suggesting that both can be utilised as 
precursors. 	In the feeding experiment with (53), the 
n.m.r. spectrum of the isolated andibenin B, showed 
only one signal at 1.00 ppm, corresponding to the 10'-






















Figure 6 	55 MHz 2H n.m.r. spectrum of austin enriched 
from [methyl_2H3]_3,5_dimethYlorsellthate (53) 
-55- 
acid (44) is thus a specific precursor of andibenin B. 
To gain information on the possible phenolic pre-
cursors of austin, 14 C-labelled (51) and (52) were 
similarly added in solutions to cultures of A. ustus. 
Table 9 summarises the results of their incorporations 
into austin. 	The low dilution of (51) indicates its 
intact incorporation into austin, and its plausibility 
as a precursor. 	The very high dilution of (52) however, 
suggests that it is not incorporated intact into austin. 
These results are also consistent with the proposed 
pathway, as the presence of the hydroxyl group in the 
position ortho to the carboxylate function, is necessary 
for the subsequent rearrangement of the tetraketide 
portion of intermediate (47). 	This hydroxyl group might 
also be involved in the second alkylation of the tetra- 
ketide by the farnesyl moiety. 	The fact that some radio- 
activity is detectable in the austin isolated from the 
experiment with (52), can be explained by degradation of 
the orsellinate to acetate, which can then be incorporated 
into austin. 
The trideuteriomethyl orsellinate (53) was also fed 
to the culture, and austin subsequently isolated. 	The 
n.in.r. of this austin sample (Figure'6) showed only 
one resonance at 1.29 ppm, corresponding to the 10'-methyl 
group, thus establishing 2, 4-dihydrox-3 I S ,6-trimethyl 
benzoic acid as a specific precursor of austin. 
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pyrophosphate as specific precursors, there are still 
a number of possible mechanisms for elaboration of the 
final austin structure. 	In particular, the cleavage 
and rearrangement of the tetraketide portion of inter- 
mediate (47) and subsequent cyclisation to the y-lactone 
ring, can occur in a number of ways, as shown in Scheme 
16. 
Route (a) involves an acid catalysed rearrangement 
resulting in ring contraction and formation of an ethyl 
idene system, by loss of a proton at C-10'. 	Formation 
of the y-lactone would then proceed by protonation of 
the double bond, and subsequent attack by the carboxyl 
group on the resulting carbonium ion. 	Route (b) again 
involves acid catalysed rearrangement, followed by ring 
contraction, hydration of the intermediate carbonium ion, 
and lactone formation by attack of the hydroxyl oxygen on 
the carbonyl. 	Route (c) proceeds by hydroxylation at 
C-5, followed by an c-keto1 rearrangement, 46  and reduction 
of the resultant ketone, with lactone formation occurring 
as in (b) by attack of the hydroxyl on the carboxyl. 
Formation of the alkene system in (a) would 
necessitate the loss of hydrogen at C-10', and subsequent 
reprotonatlon. 	A feeding experiment with (Me- 13 2 C H3 ] - 
methionine was therefore carried out, and the labelled 
austin was subjected to mass spectral analysis. 	Prominent 
M+4, and M+8 peaks were observed, indicating incorporation 
of [ 13C 2H3 ]-labelled methyl from methionine, without loss 
-57-. 
of deuterium, and ruling out route (a) as a viable 
mechanism. 
Routes (b) and (c) can also be distinguished 
between, by determination of the origin of the C-5'oxygen. 
If route (b) operates in vivo, then the C-5 1 oxygen would 
originate from the aqueous medium. 	In route (c) 
however, the hydroxylation of C-5'would be mediated by a 
mixed function oxygenase, which would incorporate 
atmospheric oxygen into the metabolite. 	So in an attempt 
to gain information on the origin of the C-5'oxygen and 
the other eight oxygen atoms in austin, two complementary 
experiments using oxygen isotopes were carried out. 
2.3.6 	Oxygen-18 labelling experiments 
4948, Recent investigations 47, 	by various workers have 
confirmed the theoretical prediction 
50  that the presence 
of 18 oxygen atoms can be detected by the effects induced 
on the 13C n.m.r. chemical shifts of directly attached 
carbon atoms. 	The presence of the 
18  isotope causes a 
small upfield isotopic shift on 13 C nuclei. 	The size of 
the isotope shift varies with structure, but is normally 
of the order 0.035-0.010 ppm for sp 3 hybridised carbons, 
and 0.055-0.030 ppm for sp2 hybridised carbons. 
51  The 
isotope shift for $-13C carbons is around 0.005 ppm. 
Multiple substitution of 18  atoms can be detected by the 
magnitude of the shift, which is directly additive at 
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Figure 7 	100.5 MHz 13 C n.m.r. spectrum of austin 
enriched by [1-13C,18O2]acetate 
-58- 
utility of 18  labelling. 	A reduction of the shift, 
with conjugation or electron donation through a ir system 
is also observed. 
As the discovery of the 18  isotope effect is 
fairly recent, studies in the literature, on the 
structural dependence of 18  isotope shifts in 13  C n.m.r. 
spectra are limited. 	However, it has been suggested 52 
that the magnitude of the isotope shift for carbonyl 	1 
carbons tend to decrease in the order:- ketones > 
aldehydes > esters > amides; and for esters, is of the 
order 0.04-0.03 ppm. 
Further, when the bridging oxygen in esters is 180 
labelled, it is found 52 that the carbonyl carbon ex-
periences an isotope shift of the order 0.015-0.010 ppm, 
while the other attached carbon experiences an isotope 
shift of s0.035-0.025 ppm. 
Two methods of introducing the 18  label into austin 
were attempted; a feeding experiment with doubly 
labelled [ 1-13 C, 1802]acetate, and incubation of the 
culture in an 1802 -isotopically enriched atmosphere. 	The 
former experiment yielded no significant information, as 
there was no detectable incorporation of 18  or  13  C into 
the isolated metabolite, except at the acetate carbonyl, 
which showed an isotope shift of 0.038 ppm (Figure 7). 
The latter experiment utilised an atmosphere, 
composed of 30% 1802 (96% isotopically pure) and 70% N 2 , 
which was recycled through the incubation flasks, by means 
Me  
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Figure 9 	100.5 MHz 13C n.m.r. spectrum of austin 
produced in an 1802 atmosphere 
wash bottles 	 growth flasks 
Figure 8 	Apparatus for carrying out fermentations in 
a controlled oxygen atmosphere 
-59- 
of the apparatus shown in Figure 8. 	It was found necessary 
to pump the atmosphere through the system, as a previous 
culture had ceased growth after a few days, with a static, 
sealed atmosphere. 	The cessation of growth, was presumably 
due to the formation of a "blanket" of CO 2 , produced by 
the organism's respiration, which led to effective oxygen 
starvation. 	Even with a dynamic atmosphere, growth was 
poor, and metabolite yields were low. 	However, a yield 
of austin, sufficient for spectroscopic purposes was 
obtained (20 mg). 	As any atmosphere derived oxygen 
sites in the metabolite, would theoretically be subject 
to 96% 18 incorporation, an equal amount of unlabelled 
austin was added to the 1802 derived sample, to provide 
an internal reference for any isotopically shifted signals, 
in the 13  C n.m.r. spectrum. 	Table 10 lists the chemical 
shifts of resonances in the carbonyl and sp3 oxygen 
bearing carbon regions of the 13  C n.m.r. spectrum shown 
in Figure 9, together with the magnitudes of their 
observed upfield 18 isotope shifts. 
In the carbonyl region, all four resonances exhibit 
18  shifted signals. 	C-8 1 , C-4', and the acetyl carbonyl 
show comparable shifts of 0.012, 0.013, and 0.014 ppm 
respectively, which are of the correct order of magnitude 
for a bridging 18 oxygen in an ester linkage. 	C-311 
however, shows three isotopically shifted signals of 
0.010, 0.037 and 0.047 ppm, as represented schematically 
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Table 10: 18  Isotopica1} shifted resonances observed in 
the 100.6 MHz 	C n.m.r. spectrum of austin 
Carbon C(ppm) A&C(ppm) 
8' 170.8 0.012 
4' 170.1 0.013 
MeCO 168.4 0.014 
0.038a 
3 163.6 0.010,0.037,0.047 
4 85.6 0.043 
3' 84.4 0.038 
6' 80.8 0.008 
5' 78.9 0.031 
11 74.9 0.027 
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a Enriched by 	dium [1- 13C, 180 2 ]-acetate; all others 
enriched by °2 
Figure10 	Oxygen atoms (•) in austin derived from 
the atmosphere 
I. 
situations, where C-3 has (a) an 18  labelled bridging 
oxygen, (b) an 18  labelled carbonyl oxygen, and (c) has 
both attached oxygens 180  labelled. 	Both oxygens of the 
spiro-lactone ring, are therefore derived from 
atmospheric oxygen. 
In the sp 3 -oxygen bearing carbon region of the 
spectrum, again all carbon resonances show isotopically 
shifted signals. 	C-4, C-3', C-5', and C-il show shifts 
of 0.043, 0.038, 0.031, and 0.027 ppm respectively, 
indicating the presence of a directly bonded bridging 
18 labelled oxygen. 	These results are in agreement 
with those obtained from the carbonyl region, and confirm 
the presence of five 18  labelled bridging oxygens in 
1802 derived austin. 	The isotope shift of the 
resonance remains to be accounted for. 	The magnitude of 
the shift (0.008 ppm), is unusually small for a tertiary 
alcohol, which is normally of the order 0.035-0.030 ppm. 52 
The most probable explanation is that it is the result of 
a s-shift from the C-5' bridging oxygen, or the C-3' 
bridging oxygen, or a double a shift from both. 
The 13C n.m.r. spectrum of 1802 -derived austin, 
therefore indicates the incorporation of five 18 0 atoms, 
in the positions indicated in Figure 10. 	The mass 
spectrum of this austin sample shows a highest 
observable ion of 450, compared with 442 for unlabelled 
austin, indicating incorporation of four 18  atoms. 






















observable ion of 442 shows a loss of 58 mass units 
from the parent ion, equivalent to loss of acetone. 
This fragmentation is most likely to occur as shown in 
Scheme 17, from the spiro-lactone ring, and would 
therefore involve an 18  labelled atom from the enriched 
sample. 
The observation that five oxygen atoms in austin 
are derived from the atmosphere, is in accord with our 
biosynthetic proposals. 	The acetyl, C-4, and C-8' 
carbonyl oxygens, and the C-6'hydroxyl oxygen would 
presumably originate from acetate. 
The observation that the C-5'oxygen is derived from 
the atmosphere is significant in reference to the possible 
mechanisms for rearrangement of the tetraketide precursor 
shown in Scheme 16. 	Route (b) is no longer feasible, 
and our results are consistent only with route (c). 
Turning to the farnesyl portion of the metabolite, 
the only major modification of the cyclised decalin 
system is the elaboration of the spiro-lactone ring. 	The 
formation of the spiro-system necessitates a C-1 - C-b 
bond migration. 	The most feasible mechanism for this 
would entail the generation of some formal carbonium ion 
character at C-5. 
Similar bond migrations have been induced, in vitro, 
in steroid derivatives. 53,54 	Scheme 18 illustrates one 
example where the 5,6 (5) bond is epoxidised, and sub-
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formation of a spiro-pentanone structure (54). 	The 
spiro-lactone system of austin could conceivably be 
biosynthesised in a similar fashion, through desaturation 
at C-5 - C-6, epoxide initiated rearrangement, and 
Baeyer-Villiger oxidation of the resulting pentanone, 
yielding the spiro-lactone structure. 
However, as we have proposed a common biosynthetic 
origin for andibenin and austin, it is likely that their 
spiro-lactone systems are formed in a similar manner. 
The andilesins, e.g. (55), are co-metabolites of the 
andibenins 42 and possible biosynthetic precursors to 
them. 	They have an a,13-unsaturated -lactone A ring, 
from which the spiro-lactone system of andibenin is 
presumably derived. 	It is known 42  that mild acid 
treatment of dihydroandilesin C (56) results in ring 
opening and formation of the olefinic system of acid 
(57), as shown in Scheme 19. 	It is conceivable 
therefore, that in vivo, the enzymatic opening of the 
e-lactone could result in the formation of a A double 
bond in compound (58) as illustrated in Scheme 20. 	Acid 
catalysed ring opening of the subsequent 4,5-epoxide 
(59) as shown, would create the necessary carbonium ion 
character at C-S, inducing bond migration. 	Loss of a 
proton at C-il would yield the necessary olefinic methyl 
system on the B ring, while condensation of the acid and 
hydroxyl functions would yield the spiro-lactone ring. 
Finally, enzymatic desaturation at C-i and C-2 would 
Table 11: 1H n.m.r. 	spectra of austin 	(24), austinol 
and dehydroaustin (61). 
(60) 
H 	(ppm), multiplicity and J (Hz) 
Hydrogen (24) a (60) b (61) a 
1 6.72(d,9.9) 6.73(d,9.8) 6.82(d,9.9) 
2 6. 11( d , 9 .9) 5. 98 (d ,9.8) 5.89 (d, 9. 9) 
6-CH * * * 2 3.21(ddd,13.2,13.2,3.0) 3.28(m) * 
7 * * * 
11 6.03(s) 4.59(d,5.5) 5.63(s) 
13-CH 2 - - 5.73(s) 
1' 5.49(d,1.6) 5.16(d,1.6) 5.87(d,1.8) 
5.76(d,1.6) 5.61(d,1.6) 6.13(d,1.6) 
5' 4.46(q,6.5) 4.41(q,6.6) 5.28(q,6.9) 
12-Me 1.19(s) 1.27(s) 1.28(s) 
13-Me 1.85(s) 1.63(s) - 
14-Me 1.53(s) 1.45(s) 1.40(s) 
15-Me 1.38(s) 1.39(s) 1.46(s) 
9'-Me 1.61(s) 1.57(s) 1.53(s) 
10'-Me 1.29(d,6.5) 1.13(d,6.6) 1.61(d,6.7) 
0-Ac 2.02(s) - 1.99(s) 
OH 4•19(5)c 5.77(d,5 . 5)C - 
others * 1.5 - 	1.8(m) 1.5 	- 	1.9(m) 1.2 	- 	2.1(m) 
a CDC 1 3 solution 
b (CD 3 ) 2C0 solution 
c exchanges with D20 
Table 12: 13C n.m.r. spectra of austin (24), austinol (60) and 
dehydroaustin (61)  
C(ppm) and multiplicity in the SFORD spectra 
Carbon (24) (60) (61) 
1 146.5 D 147.9 D 144.5 D 
2 120.2 D 118.2 D 119.9 D 
3 163.6 S 163.7 S 163.7 S 
4 85.5 S 85.6 S 85.6 S 
5 46.6 S 45.7 S 50.4 S 
6 27.0 T 26.1 T 70.3 S 
7 26.5 DD 32.1 T 
8 42.1 S 41.4 S 42.4 S 
9 132.6 S 135.6 S 132.5 S 
10 143.8 S 138.3 S 138.9 S 
11 74.7 D 73.5 D 42.0 T 
12. 23.5 Q 23.7 Q 23.6 Q 
13 15.4 Q 13.9 Q 16.0 Q 
14 22.4 Q 22.7 Q 23.7 Q 
15 25.9 Q 25.8 Q 26.8 Q 
1' 118.0 T 115.9 T 115.6 T 
 137.5 S 137.7 S 134.0 S 
 84.1 S 85.2 S 83.5 S 
 170.1 S 168.9 S 170.7 S 
 78.7 D 78.6 D 79.0 D 
 80.6 S 80.5 S 80.6 S 
 62.8 S 62.8 S 62.7 S 
 170.8 S 171.4 S 170.8 S 
 20.2 Q 20.7 Q 22.5 Q 
 11.3 Q 11.7 Q 11.5 Q 
CH 3CO 	168.4 S 	- 	 169.6 S 


















yield the x,-unsaturated spiro-lactone structure. 
In support of this proposal, is the isolation from 
A. ustus, of the austalides e.g. (23),' whose bio-
synthesis would also necessitate a similar system. 
The final step in the elaboration of the austin 
skeleton would be the introduction of the 11-acetoxy 
function, presumably by ailylic hydroxylation at C-il, 
followed by acetylation with acetyl CoA. 	This mechanism 
is also in agreement with the observations that the C-li 
bridging oxygen is derived from the atmosphere, while the 
acetoxy carbonyl oxygen is acetate derived. 	Lending 
weight to the proposal that the introduction of the 
acetoxy function is the final step in the biosynthesis, is 
the isolation of austinol (60) see below, as a co-
metabolite of austin. 
2.3.7 	Further metabolites of A. ustus 
Two other compounds were isolated from the same 
strain of A. ustus. 	They are dehydroaustin, C 27 H3009 
and austinol, C 25H300 8 , for which structures (61) and 
(60) have been established, as discussed below. 
2.3.7.1 	Dehydroaustirj 
Comparison of the 1  H and 13C n.m.r. spectra of 
austin and dehydroaustin, Tables 11 and 12, indicated a 
close similarity between the two compounds. 	The main 
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Figure 11 	360 MHz 1H n.m.r. spectrum of 
dehydroaustin (61) 
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Both 1  H n.m.r. (Figure 11) and i.r. spectra indicate 
the absence of a hydroxyl group in dehydroaustin which 
contains two hydrogens less than austin. 	13C spectra 
show one less methyl group in dehydroaustin, one more 
sp3 -O-bonded carbon, and one significantly shifted sp 2 
which appears as a ;triplet in the S.F.O.RD. spectrum. 
The multiplicity of the 13C resonance at 26.5 ppm in 
austin, assigned to C-7, is a doublet of doublets, 
whereas in dehydroaustin, it appears as a triplet, 
indicating a conformational change has occurred, removing 
the C-6' oxygen atom from the vicinity of the 7ct proton. 
This is also reflected in the 1  H n.m.r., which shows the 
7c proton has moved upfield, from 53.12 in austin to the 
51.2-2.00 region in dehydroaustin. 
This evidence indicates that the loss of the hydroxyl 
group is accompanied by a new C-O bond formation together 
with a rearrangement involving the conversion of a methyl 
group to a sp 2 -methylene group. 
Thus the spectroscopic evidence is consistent with 
the presence of an ether linkage between C-6' and C-9 
with a rearrangement of the position of unsaturation to 
C-10 and C-13 as indicated in Scheme 21 to give 
structure (61) for dehydroaustin. 
Examination of a Dreiding model shows that the 
formation of the ether linkage would require a conformational 
change in the D ring, which removes the 6'-oxygen atom from 
the vicinity of the 7a-proton, which would therefore move 
Table 13 	Resonances in the fully 111-coupled 13C n.m.r. spectrum of dehydroasutin (61) 
showing a loss of long range coupling on irradiation of selected 1H frequences 
irradiation - 611 (ppm) 
	
6.82 	6.13 	5.89 	5.73/5.63 	5.28 	1.61 	1.53 	1.46 	1.40 	1.27 
Carbon 	6C 	H-i H-i' H-1 1 /H-2 13-CH2/H-11 H-S' 10'-Me 9 1 -Me 15-Me 14-Me 12-Me 
8' 	168.9 
cH 3co 168.3 	 * 
4' 	167.3 * 







9 	90.4 	 * 
4 85.9 * 	* 
6' 	84.9 	 * 	* 
3' 82.5 * 	* 	 * 	 * 
5' 	76.2 	 * 
11 74.2 * 
5 	50.4 	 * 
-65- 
upfield. 	The 5'-proton is also moved closer to the 
C-4' carbonyl by this conformational change, and this 
is reflected in the large downfield shift of 0.82 ppm in 
dehydroaustin compared with austin itself. 
Confirmation of the structure came from analyses 
of long range 1  H - 13 C couplings observed in dehydroaustin. 
Feeney plots were again used to correlate the 13C 
methyl resonances at 25.6, 23.7, 20.5, 18.9, 16.9 and 
13.3 ppm, with the proton signals at 51.46, 1.40, 1.99, 
1.53, 1.28 and 1.61. 
Table 13 shows the effect on the multiplicity of 
the resonances in the fully 1H coupled spectrum, of the 
specific proton irradiations. 
The methyl carbons are assigned as follows. 	The 
signal at 13.3 ppm is due to C-b', as it is correlated 
to the doublet at 1.61, and shows long range 1H - 13 C 
coupling to C-5' and C-6 1 . 	The resonance at 20.5 ppm 
is assigned to the acetyl methyl carbon, as it is 
correlated to the lowest field methyl proton signal. 
The signals at 25.6 and 23.7 ppm are assigned to 
C-14 and C-15 as their protons, resonating at 1.46 and 
1.406, are coupled to C-4. 	The signal at 18.9 ppm is 
due to C-9', as its protons are coupled to C-3' and C-ll. 
The remaining resonance at 16.9 ppm is therefore 
attributed to C-12. 
The remaining sp 3 carbons show little difference in 
chemical shift from the signals obtained for austin, and 
are therefore assigned as in austin. 
The new sp 3 -0-bonded carbon resonance at 90.4 ppm 
can be assigned to C-9, as irradiation of H-il, or the 
13-methylene protons removes some coupling, and sharpens 
the signal. 	The signal showing a significant difference 
in chemical shift from austin at 125.4 ppm is assiend to 
C-13, as it appears as a triplet in the S.F.0.R.D. 
spectrum. 
The carbonyl signals can be assigned as shown by the 
observed long-range coupling of:- the acetyl carbonyl 
to H-il; C-U to the H-5'; and the C-3 carbonyl to both 
the H-i and H-2. 
2.3.7.2 	Austiriol 
The other metabolite isolated, austinol, despite 
showing markedly lower solubility, showed very similar 
spectral parameters to those of austin, Tables 11 and 12. 
Signals due to the acetyl group however were absent, 
which suggested the presence of a hydroxyl group in the 
11 position. 	The 11-proton appears as a doublet 
(J = 5.5 Hz) which is removed on D20 exchange. 	The 
structure (60) was confirmed by acetylation of austinol 
with acetic anhydride in pyridine, giving a compound with 
identical spectral parameters to austin. 
2.3.8 	Further related metabolites 
A metabolite closely related to austin has been 
isolated, along with austinol, from the liquors of cultures 
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Wt. of crude 	Wt. of austin 
extract (mg) (mg/litre) 
Fries 	 279 	 92 
Modified Fries 	318 	 96 
Y.E.S. 	 363 	 81 
M.E.P. 	 400 	 123 
Czapek-Dox 	 319 	 30 
Incorporation of [ 13C] , [ 2 H 3 ], and [ 1802 ] labelled 
acetates into austin 
Penicillin pans containing 200 mis M.E.P. medium, 
were innocuiated with a spore suspension of A. ustus. 
73 Hrs after innoculation, labelled acetates, at the 
levels indicated below were administrered to the culture. 
After 14 days of incubation at 25 °C, austins were 
isolated as described previously. 
Precursor 	 Level of addition - Austin yield/mg 
(1 -13C]acetate . 250 mg to 2 x 200 mis 36 
[2 -13C]acetate 200 mg to 2 x 200 mis 41 
(l,2-13 C 2 ]acetate 100 mg to 2 x 200 mis 40 
( 2 H3 ]acetate 500 mg to 2 x 200 mis 38 
(methyl-13C2 H3 ]methionine 100 mg to 2 x 200 mis 41 
[i-13C, 18o 2 ]acetate 600 mg to 3 x 200 mls 48 
-74- 
Fries Medium 
Glucose 20 g 
Malt extract 25 g 
Yeast extract 2.5 g 
Hydrolysed casein 2.5 g 
Ammonium tartrate 5 g 
KH2PO4 1 g 
MgSO4.7H20 0.5 g 
NaCl 0.1 g 
ZnSO4.7H20 4.43 mg 
MnSO4.4H20 5.05 mg 
FeC13.6H20 0.4 g 
Thiamin 40 	i.g 
Pyridoxine. 40 	j.Lg 
Distilled H20 1,000 ml 
Modified Fries 
Sucrose 30 g 
Difco yeast extract 2 g 
Ammonium tartrate 5 g 
Ammonium nitrate 1 g 
KH2PO4 1 g 
MgSO4.7H20 0.5 g 
NaCl 0.1 g 
CaC12.2H20 0.13 g 
FeSO4 0.01 g 
Distilled H20 1,000 ml 
Czapek-Dox 
Sucrose 30 g 
Sodium nitrate 2 g 
Potassium chloride 0.5 g 
MgSO4.7H20 0.5 g 
FeSO4 0.01 g 
Potassium phosphate 1 g 
Distilled H20 1,000 ml 
Yeast extract - sucrose (Y.E.S.) 
Sucrose 	 200 g 
Yeast extract 	 20 g 
Distilled H20 1,000 ml 
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Incorporation of (14C]acetate into austin 
[2 -14 C]Acetate (10i1i) was added to 0.5 g unlabelled 
sodium acetate, dissolved in 18 mls of distilled water, 
and distributed among 3 x 200 ml pans of culture, at 
various times after initial innoculation. 	The specific 
activity of precursor in all cases was 3.64 x i0 6 dpm/nurtole, 
and the results are summarised below. 
Addition time Wt. of austin Specific activity Dilutio: 
	
(hrs) 	isolated (mg) x 10 dpm/rnmole 
48 	 17 	 3.25 	 112 
Initial 	73 32 4.85 75 
culture 95 	 30 	 3.71 	 98 
120 24 2.47 147 
36 43 6.17 83 
50 52 7.12 72 
Fresh 	59 50 8.27 60 
culture 72 56 8.82 58 
79 56 8.05 65 
59 and 73 59 7.32 68 
Optimisation of media for austin production 
The following media were tested for austin production; 
Fries, Modified Fries, 40  Yeast extract sucrose, Malt 
extract peptone (M.E.P.), and Czapek-Dox. 	1 litre of 
each medium was made up as described below, distributed 
among 5 penicillin pans, innoculated with a spore 
suspension of A. ustus, incubated for 14 days, at 25°C, 
and extracted as previously described. 	The results are 
summarised below. 
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Acetylation of austinol 
Austinol (50 mg) was stirred in acetic anhydride 
(3 ml) and pyridine (3 ml) for 12 hr at R.T. 	The 
solution was poured onto ice, and extracted with 
chloroform (3 x 20 ml). 	Purification of the product 
by T.L.C. (4% MeOH in CHC1 3 ) gave austin (30 mg). 
M.pt. and mixed m.pt. 300-301°C. 
Austin production - time study 
A. ustus was incubated for 14 days as described 
above. 	Three penicillin flasks were harvested 
at 2 day intervals and the austin isolated as 
summarised in Table 14. 
The above experiment was repeated with a fresh 
isolate of A. ustus. 	Three penicillin flasks 
were harvested daily from the second day of 
incubation. 	The amounts of austin isolated are 
summarised in Table 14. 
Table 14 	Austin production with time of incubation 
No of days 
incubated 	2 3 4 5 6 7 8 9 10 11 12 13 14 
Expt (a) 
austin (mgs) 11 	6 	34 	39 	58 	56 	53 
Expt (b) 
austin (mgs) 4 6 9 16 35 42 58 79 92 111 115 109 110 
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2.4.2 	Isolation of metabolites 
Aspergillus ustus (NRRL6017) was grown in static 
culture, at 25 °C, in penicillin pans containing 200 mis 
of medium, consisting of Oxoid malt extract (3.0%) and 
Oxoid mycological peptone (0.5%) in distilled water 
(pH = 5.4). 	The culture was incubated for 14 days, 
after spore innoculation, then the medium was separated 
from the mycelium, and extracted with ethyl acetate to 
give 350 mg of crude organic extract per litre. 	The 
extract was then subjected to T.L.C. spearation, with 
4% MeOH in CHC1 3 as the eluent. 	Removal of the U.V. 
quenching bond of Rf 0.5 - 0.6 gave austin (110 mg 11). 
M.pt. 300 ° C (Lit 298-300 °C) recrystallised from methanol 
as sto.it needles. 	Xmax  (EtOH) 246 n.m. (€ 11,900); umax 
(KBr)3490,1780, 1747, 1740, 1710 cm; C 27H3209 requires 
C, 64.8; H, 6.4% found C, 64.9; H, 6.4%; 	+ 309 0 
(C.0.98%) 
Removal of the band of Rf 0.7 - 0.8 gave dehydroaustin 
(30 mg 11), recrystallised from methanol, M.pt. 284-286; 
Xinfl (EtOH) 239 n.m. 	infi 3,800); Vmax  (KBr) 1705, 
1755, 1710 cm; 	(a] 22 + 131. 67 0 (C. 0.84%). 	C27 30 H 9 
requires C, 65.1; H, 6.1% found C, 64.9; H, 6.3%. 
Removal of the band of Rf 0.2 - 0.3 gave austinol 
(35 mg 11) recrystallised from chloroform, M.pt. 320°C. 
X 	(EtOH) 246 n.m. (8080); 'max (Nujol) 3460, 3350,max 
1770, 1720, 1680 cm-1 ; C25H3007 requires C, 65.49; H, 6.60 
found C, 65.6; II, 6.4%. 
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determinations were taken on a A.E.I. MS 902 high-
resolution instrument, ionising by electron impact. 
Peak intensities are expressed as percentages relative 
to the base peak at 100%. 
Radiocounting was carried out using a Beckman 
LS 7000 liquid scintillation counter, operating on 
program 4 without automatic quench correction. Counting 
efficiency was determined by using both standard channels 
ratio and H-number quench curves. The scintillant was 
butyl-PBD (10 g 1- 1 ) in methanol-toluene (50:50). 
Samples for radiocounting were purified to constant 
activity by recry stall isation (except in the case of 
terretonin - Chapter 4) and dissolved in either methanol 
or toluene. 
Unless otherwise specified, thin layer chromatography 
was performed using either analytical (5 x 20 cm) or 
preparative (20 x 20 cm) glass plates coated with a 0.5 mm 
layer of silica-gel (Merck Art. 7730 Kieselgel 60 GF 254 
or Fluka AG 60765 Kieselgel GF 254) . 	Where precoated 
metal strips are specified, Merck Art. 5548 HP-TLC- 
Alufolien Kieselgel 60 F 254 was used. 	Unless stated 
otherwise, ultra-violet light of wavelength 254 nm was 
used to visualise chromatograms. 
Solutions for feeding were sterilised by autoclaving 
at 15 p.s.i. for 15 minutes. Dry solvents were obtained 
by standard procedures. 59 
Zlm 
The fact that these related metabolites have been 
isolated from a variety of different fungal species, 
indicates that this biosynthetic pathway may be more 
common than was first realised. 	The proposed biogenetic 
relationship of the austins, andibenins, andilesins, 
terretonin and anditomin, are summarised in Scheme 23. 
2.4 	Experimental 
2.4.1.. 	General procedures and instrumentation 
Melting points were determined on a Reichert hot-stage 
microscope and are uncorrected. Microanalyses were 
performed on a Perkin-Elmer 204 elemental analyser. A 
Varian DMS 90 spectrophotometer was used to obtain ultra-
violet/visible spectra; baseline correction for solvent 
absorption was carried out. Infra-red spectra were taken 
on a Perkin-Elmer 781 spectrophotometer and referenced 
against the polystyrene absorption at 1601 cm -1
. 	Proton 
n.m.r. spectra were obtained from various instruments: 
Varian EM 360 and HA 100 continuous-wave machines and 
Bruker WP 80 SY, WP 200 SY, WM/WB 300 and WH 360 
Fourier-transform machines. 	Carbon-13 n.m.r. spectra 
were obtained from: Varian XL 100 and CFT 20 and Bruker 
WP 200 SY, WH 360 and WH 400 Fourier-transform machines. 
Deuterium n.m.r. spectra were obtained on a Bruker WH 360, 
operating in this case without a frequency lock. 	In all 
cases, quoted chemical shifts are relative to tetramethylsila 






























of Penicillium diversum. 55 The metabolite had the same 
molecular formula as austin, C 27H3209 , and similar 1  H and 
13 n.m.r. spectra. it was shown to have structure (62) 
by analysis of its n.m.r. spectral parameters and 
comparison with those of austin, 55 and a common bio-
synthetic origin seems likely. 	More recently, austinol 
and dehydroaustinol (63) have been isolated from a culture 
of Emericella dentata, and their structures confirmed by 
X-ray crystallography. 56 
As stated previously, austin and andibenin are most 
probably formed via the common intermediate (45). 	In 
this respect, it is significant, that both austin and 
dehydroaustin, have been isolated from a chance mutant of 
the andibenin producing culture of A. variecolor, which 
no longer produced andibenin. 55 
Terretonin (64), a metabolite of A. terreus, 57 and 
anditomin (66), another metabolite of A. variecolor 58 
have also been shown to be biogenetically related to the 
andibenin series. 	13C labelling studies on terretonin, 
gave results compatible with the biosynthetic pathway 
shown in Scheme 22. 	Cyclisation of intermediate (45), 
as in austin biosynthesis, yields intermediate (65), 
which by ring contraction, followed by retro-Claisen 
reaction, hydroxylation and lactonisation as indicated, 
generates the ring D, keto-lactone system. 	Oxidative 
modification of the bicyclofarnesyl moiety, then completes 






















































24 mg to 400 mis 30 mg to 600 mis 
8.73 x 1O 7 
36 
4.24 x 10  
20.6 
7.95 
8.73 x 1O7 
24 




Incorporation of [ 14 C]orsellinates into austin 
Penicillin pans containing 200 mis of M.E.P. 
medium were innoculated with a spore suspension of 
A. ustus. 	After 73 hrs [ 14 C]orseilinates were 
administered to the cultures as Tureen solutions, at 
the levels indicated below, and austins were isolated, 
as described previously, after a total incubation 
time of 14 days. 	The results are summarised below. 
[ 14 C} dimethyi- 	[ 14C] deoxydirnethyl- 
orsellinate (51) orseliinate (52) 
Level of addition 
Sp. activity of 
precursor 
(dpm/inmole) 
Wt. of austin 
isolated (mg) 





Incorporation of [methyl- 211 3 ] -3,5-dimethylorsellinate 
into austin 
[Methyl- 2 H 3 ]-3,5--dimethylorseliinate (53, 50 mg) was 
fed to 5 penicillin flasks 73 hours after innoculation. 
Austin (90 mg) was isolated after a further 11 days growth. 
-77- 
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 CHAPTER 3 
Biosynthetic Studies on 0-Methylasparvenone 
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Aspergillus parvulus is a fungus most often found in 
the acid soil of pine or sweetgum forests. Initial 
chemical investigation  led to the isolation of the two 
napthalenones, asparvenone (1) and 0-methylasparvenone (2) 
The determination of structures (1) and (2) was achieved 
by spectroscopic methods and X-ray crystallography of 
the mono-acetate (3) of 0-methylasparvenone. In addition 
to these two major metabolites, A. parvulus was found to 
produce a variety of related naphthalenones (4)-(6) and a 
naphthoquinone derivative (7) in smaller amounts. 2 The 
basic structural similarity of these metabolites indicated 
a common biogenesis, while the alternate carbon oxygenation 
pattern suggested a polyketide derivation. 
The majority of naturally occurring naphthalene 
derivatives are formed from either polyketides or shikimate. 
Shikimate is the most common precursor in plants, while in 
fungi, a polyketide biogenesis is more often found. A 
selection representative of the more common structural 
types encountered among naturally occurring naphthalene 
derivatives is shown in Table 1. 
The ethyl side chain of 0-methylasparvenone is 
particularly interesting, as ethyl substituents on natural 
products are relatively rare.. Biogenetic proposals must 
also be more tentative, due to the variety of origins that 
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give rise to ethyl side chains. A homo-polyketide mechanism 
in which the chain starter unit is transformed into the 
ethyl group, is the most direct elaboration. Another 
source occurs when propionic acid functions as a novel 
starter unit, e.g. in homo-orsellinic acid 16  (20), 
however propionate starter units are artifacts of bacterial 
biosynthesis rather than fungal products. Other sources 
such as C 1 addition to a methyl group, and derivation from 
butyrate or glycerol, although less frequently encountered, 
have been shown to operate, e.g. in aurovertin B 17  (21), 
antibiotic X-537A 18 (22), and aplasmornycin 19 (23). 
The most common fungal naphthalene derivatives are 
pentaketides, e.g. flaviolin (18) and scierone (16), or 
heptaketides, e.g. javanicin (19) shown in Table 1. 
Hexaketides are a relatively small group of natural products, 
and are mainly acyclic or monocyclic metabolites, 
e.g. cerulenin (24), maltoryzine (25) and multicolosic 
acid (26). 
A notable exception is a metabolite elaborated by 
Hendersonula toruloidea2° (27) which was initially classed 
as a pentaketide. The results of recent 13 C labelling studies, 
however, were consistent with the hexaketide biogenesis 
shown in Scheme 1. 
Initial labelling studies 21 involving addition of 
( 14C]acetate to shaken cultures of A. parvulus showed 
-84-- 
significant incorporation (1.7%) of radioactivity into 
0-methylaspervenone, and confirmed its acetogenicity. 
The most probable pathways, shown in Scheme 2, are from a 
pentaketide which undergoes alkylation, or from one of two 
possible hexaketide precursors. 13 C labelling studies 
were therefore undertaken to establish which of these 
routes was operative. In addition to the standard 
techniques of singly and doubly ( 3C]-1abe11ed acetate 
feeding experiments, polyketide biosynthesis is particularly 
amenable to other probes. Addition of labelled malonate 
can be used in an attempt to identify the starter unit of 
the polyketide chain. 22  However the in vivo equilibration 
of acetate and malonate is often too rapid for a clear 
starter effect to be observed. 
In addition to the carbon isotopes, the isotopes of 
hydrogen are of increasing utility in probing the mechanisms 
of polyketide biosynthesis. Although there is considerable 
hydrogen exchange in the equilibration of acetate and 
malonate, 23 and further mechanisms of exchange exist for 
the activated methylenes of a polyketide progenitor, the 
possibility remains that isotopic label from the methyl 
carbon of acetate can be retained in the product metabolite. 
The incorporation of hydrogen isotopes can be detected by 
a variety of methods. 




Relative gyromagnetic ratio 
Resonant frequency (10 kG) 
3 H 
2.79 0.86 2.46 
1 
1.0 0.00965 1.21 
1.0 1.067 
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(28) 
-85- 
3.2 	Use of Hydrogen Isotopes in Biosynthetic Studies 
The advent of high field spectrometers, and the greater 
signal dispersion and resolution they offer, has renewed 
interest in the use of hydrogen isotopes in biosynthetic 
studies. 25  Both 2 H and 3H can be detected through their 
nuclear magnetic resonances, while 3 H can also be monitored 
by its attendant radioactivity. The magnetic properties 
of the hydrogen isotopes, listed opposite in Table 2, 
govern their n.m.r. spectral characteristics. 
Detection of 3H by n.m.r. has several distinct 
advantages. As a result of the very high sensitivity, and 
high magnetogyric ratio, the n.m.r. spectra of 3H nuclei 
have narrow line widths, and chemical shifts and coupling 
constants very similar to those of equivalent 1 H nuclei. 
Lack of natural abundance also facilitates detection of 
enrichment. The only major drawback of using 3H isotopes 
is their radioactivity. This however should present less 
of a problem as the levels of enrichment necessary for 
n.m.r. detection are continually decreasing with the use 
of ever more sophisticated instrumentation. 
N.m.r., despite several disadvantages, has however 
been the nucleus of choice in biosynthetic study. Its 
major limitations are mainly a consequent of the low 
magnetogyric ratio, and relaxation behaviour of the 
nucleus. These are poor sensitivity and spectral dispersion, 
extensive line broadening and an absence of spin coupling 
information. These drawbacks are balanced, however, by 
several distinct advantages. Short relaxation times, as 
quadrupolar exchange is the dominant mechanism, minimise 
the possibility of partial saturation of resonances. This, 
together with the absence of n.O.e. in 2  H n.m.r., means that 
the integration of signals provides an accurate measure of 
the relative degrees of enrichment at various sites in 
deuterated molecules. In biosynthetically 2H enriched 
metabolites, the relative enrichment at different sites can 
therefore be assessed. This is of particular value in 
studies of polyketide biosynthesis, where the relative 
degrees of retention at various sites can provide considerable 
information on the reactions and modifications of the 
polyketide chain during enzymatic transformation. 
Another major advantage, is that as a consequence of 
its low natural abundance, the incorporation of 2  H labelled 
precursors can be positively identified even after very 
high dilutions. Thus H enrichment is about 60 times more 
easy to detect than 13  C enrichment in biosynthetic work. 
A recent example of the use of 2H n.m.r. in bio-
synthetic study is the investigation of the fate of 
hydrogen during the biosynthesis of the heptaketide, 
griseofulvin (28) 6 by using incorporations of ( 2H 3 ]acetate, 
[ 13C, 2H 3 ]acetate, and by growth in a 2 H 20 medium, and a 2  H 2  0 
medium supplemented with (2-13C]acetate. 
-87- 
The 2H n.m.r. of ( 2H 3 ]acetate enriched (28) showed 
incorporation of 2H in the 6' methyl, 5'a, 3' and 5 positions. 
The intensity of these signals relative to the 5'c signal, 
with the theoretical maxima in parentheses are 1.9(3), 
1(1), 0.7(1) and 0.3(1), respectively. The low relative 
intensity of the 6'-methyl, was seen by the authors as 
indicative that the 6'-methyl group was CH 2 H 2 . 	Another 
observation was that the methoxy groups showed a low, 
but significant, level of incorporation. Growth of the 
culture in a medium containing 50% D 20, yielded griseofulvin 
which showed 2H incorporation at the 6'-methyl, methoxy 
groups, 5's, 6', 3' and 5 positions. These complimentary 
results indicate that hydrogen exchange occurs in the 
6'-methyl chain-starter group, and that the C 1 -pool 
utilises 2H label present in the medium. 
As well as the direct method of 2H n.m.r., 2H 
enrichment can also be detected indirectly, through its 
effect on 13  C resonances in 13  C n.m.r. An added advantage 
of this technique is that it monitors the integrity of 
bonds during a biosynthetic transformation, and 
can provide information on intermediates and reactions 
involved. 27 
3.2.1 Isotope-Induced Shifts in 13  C n.m.r. 
The effect of isotopic substitution on 13  C n.m.r. 
chamical shifts is a direct consequence of the changes in 
nuclear shieldings of affected carbon atoms. The shielding 
of the nucleus by the surrounding electrons reduces the 
effective field experienced at that nucleus, and can be 
evaluated as: 
a = B applied - Beffective 
The screening constant a, has three major components, 
a = ad + a p + a' 
The diamagnetic term arises from electrons in the 
spherically symmetrical S orbitals, which precess under 
the applied field. The precessing electrons create magnetic 
fields which oppose the applied field, causing the nucleus 
to resonate at a lower frequency. A paramagnetic 
contribution arises from mixing of ground and excited 
states by the applied field and results in a shift to low 
frequency. The neighbour atom term, a', is the sum of the 
shielding contributions from all other atoms and electrons 
in the molecule. 
It is generally agreed 28  that the observed change in 
nuclear shielding, upon isotopic substitution, is a result 
of a change in the average dynamic state of the molecule. 
Substitution of a heavier atom, causes changes in the 
rotational and vibrational frequencies of a molecule. 
However, with large molecules, the rotational contribution 
is negligible, and isotope effects are attributed solely 
to changes in vibrational modes. On substitution of 
by 2 H, in addition to the increase in mass, there is a 
shortening of the carbon-hydrogen bond length (C- 2H 	1.073 L 
while C- 1 H= 1.085 
Isotopic substitution can be considered to have two 
main effects on nuclear magnetic shielding; a paramagnetic 
effect, and a diamagnetic effect. The paramagnetic 
effect is considered 
30  to be due to changes in intramolecular 
electrostatic fields. In the presence of an electric field, 
the nuclear shielding is reduced. A proton in a CH  
group for example, will experience a shielding which is 
partially determined by an effective electric charge on the 
neighbouring H atom. Substitution of 1 H by 2H results in a 
smaller vibrational amplitude, which gives rise to a smaller 
electric field, at the proton, and hence an effective 
increase in shielding. 
A diamagnetic contribution to c would also arise from 
a slight change in hybridisation accompanying changes in 
average bond distances, and angles, upon isotopic substitution. 
Such changes in the average geometry would be due to 
anharmonic terms in the vibrational potential. The primary 
effect on molecular geometry, on 2H substitution would be 
the decrease in internuclear separation, while secondary 
effects would be due to changes in the geometry of the rest 
of the molecule. 
S . 
The essentially vibronic phenomena of isotope effects, 
are often discussed in the literature, in terms of popular 
substituent characteristics such as inductive and hyper-
conjugative effects. The total wave function of a molecule 
can be factorised into separate electronic and vibrational 
wave functions. 
31  The former is an explicit function of the 
average positions of the nuclei, so the equilibrium inter-
nuclear distances are introduced into the wave function as 
parameters. These equilibrium internuclear distances are 
in turn, dependent on the vibrational modes of the molecule, 
and thus electronic and vibrational wave functions are 
untimately related. The C- 2H bond, or 2H, is thought of 
as having greater inductive capability or electron donating 
tendency than the C- 1 11 bond, or H, while the C- 2H bond 
is thought to have a reduced hyperconjugative ability 
compared to the C- 1 H bond. 
In the discussion of the literature data, which 
follows, it is also useful to distinguish between two extreme 
types of chemical shift isotope effect. 32,33  
An intrinsic chemical shift effect involving a 
single species. 
An equilibrium chemical shift effect, which 
involves changes in the populations of two or 
more equilibrating species. 
Table 3 	13C chemical shifts, 13 C-1H and 13C-2H coupling constan 
in acetone and acetonitrile 




acetone 	CH 	- 28.9 	- 28.1 
	-0.87 	125.7 	19.5 
	
CO 	-204.13 	-204.35 
	
+0.22 
acetonitrile CH 	- 0.32 	+ 0.22 
	-0.54 	107.4 	17.1 
CN 	-116.84 	-116.85 
	
+0.01 	9.8 	< 5.0 
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The latter effect can arise from equilibria, involving 
ionic species, acids, conformers or tautomers, and often 
result in large chemical shift differences, and long- 
range effects. 
Intrinsic chemical shift effects would be smaller in 
magnitude and would usually persist over no more than three 
bonds. Long range intrinsic isotope effects would be 
expected only in anions, cations, or molecules where the 
isotope is close in space to the observed nucleus. 
In 1967, Batiz-Hernandez reviewed the existing 
literature on isotope shifts, 34  and made some general 
observations. 
Heavy isotope substitution shifts the n.m.r. 
signal of a nearby nucleus toward higher field. 
The magnitude of the shift is dependent on how 
remote the isotope substitution is from the 
nucleus under observation. 
The magnitude is also approximately directly 
proportional to the number of isotopes substituted. 
More recently, a variety of authors have published data 
delineating the general trends of the effects of 
substitution on 13  C n.m.r. spectra. 
Pohl et al 35  recorded the 13C n.m.r. spectra of 
various deuteriated compounds, some of which are listed in 
Table 3, and made the following general observations. 






2 H-C 6 H5 
o- 2H-C 6 H4 -OMe 
in- 2H-C6 H4 -OMe 
2- 2H-C6 H4 -OMe 
0.289 0.110 
0.338 0.092  
0.037 (C-i) 
0.284 0.102 (C-2) 
0.111  
0.292 0.118 (C-3,C-5) 
Table 5 : 13C isotope shifts of a variety of deuterated 
compounds 	 - 
a 
Compound 	 (ppm) 
CH3 (CH 2 ) 5CH2HC1 -0.30 -0.11 
Naçthalene-l- 2H -0.31 -0.12, -0.07 
Naphthalene-2- 2 H -0.28 -0.12, -0.08 
Me(CH2 ) 16CH2 2 H -0.28 -0.08 -0.08 	-0.02 
MeO2C(CH2 ) 15CH2HMe -0.44 -0.12, -0.16 	-0.02 
MeO2C(CH2)15C2H2Me - -0.24, -0.28 	-0.08 
gem-dideuterio-
octadecanoates 
2_ 2 11 2 	 - 	-0.14 	 -0.05 
3- 2 H 2 	 - 	-0.18, -0.20 	-0.06 
4- 2 H 	 - 	-0.15, -0.21 	-0.05, 0.06 
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Shifts are always less than 1.5 ppm, and normally 
between 0.3 and 0.6 ppm, additive and to high field. 
Shifts are smaller than 0.2 ppm, additive and usually 
upfield, however downfield shifts of +0.22 ppm for acetone, 
and +0.01 ppm for acetonitrile were observed. Also, as 
a consequence of the low magnetogyric ratio of the 
nucleus, a linear correlation of C- 1  H and C- 2H coupling 
constants was observed: 
JC2H = 	C1H x 0.154 
The 13C n.m.r. spectra of a series of mono-deuteriated 
benzenes have been recorded, 36  and analysed as shown in 
Table 4. The observed isotope shifts were all to high 
field, and regular in magnitude, with ct-shifts of 
(-)0.29 ppm ± 0.04 ppm, and s-shifts of (-)0.11 ± 0.02 ppm, 
while only one small y-shift was observed of 0.011 ppm 
(J = 1.1 Hz). The results of further less extensive 
studies, 37-40  are summarised in Table 5. 
The general trends arising from these observations 
can be summarised as follows: 
ct- 2H shifts are normally within the range, 
0.3 - 0.6 ppm per 2H, additive, and always to 
high field. 
- 2H shifts are within the range, 0.05 - 0.1 ppm 
per 2H, additive and usually to high field. 
y- 2H shifts are usually less than 0.05 ppm per 
2H, additive and to high field. 
2H3 
13 2 
C - H Isotope shifts (ppm) 
C-i 	C-2 	C-3 	C-I. 	C-5 	C-S 	C-7 	C-8 	C-9 	C-b 
0-061 0-364 	0077 0-048 0-025 	0 	0-029 	0-028 	0-13 	0-29 
Figure 1 2H isotope shifts observed in cyclodecanofle 
R 	R 	 R'A~ R 
Scheme 2 
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Downfield - 2H shifts have been observed as early 
as 1967, 41  when the carbonyl carbon of 
2H6 -acetone was 
recorded 0.28 ppm downfield of the 2H6 -acetone resonance. 
The authors explained this observation as being due either 
to the inductive electron withdrawing ability of the C- 2 H 
bond being greater than that of the C- 1 H bond, or to 
different effective molecular geometries arising from the 
mass differences of 1  H and 2H. 
A further observation by Stothers, 42 was that vicinal 
coupling displays stereospecificity, and is thus 
identifiable in favourable cases, because of the dihedral 
angle dependence. 
Weigert and Roberts noted, 43  that the general order 
obeyed by 1 H- 13C coupling constants, i.e. 3HCH > 2HCH is 
also reflected in 2H- 13C coupling whr 3C_2H > 1 Hz 
and 2JC_2H "' 0.15 Hz. Thus if not resolved, the y shifted 
resonances should display significantly broader line widths. 
More recently, further upfield and downfield long-
range 2H-shift effects have been observed. However, many 
of these 13  C n.m.r. chemical shift differences can be 
attributed to equilibrium chemical shift isotope effects 
rather than intrinsic chemical shift differences. Wehrli 
et al, 	recorded the 13  C n.m.r. spectra of deuteriated 
cyclodecanones, and observed the a, a, y, cS, 5, and 6 bond 
isotope shifts shown in Figure 1. These results were 
explained by Whipple, 45  as an example of a conformational 
-94- 
equilibrium isotope effect, due to the unequal weighting 
of conformations on isotopic substitution. 
Another equilibrium isotope effect was deduced from 
studies of the effects of 2  H exchange on the 13 C n.m.r. 
spectra of -thioxoketones. 46 Large upfield and downfield 
isotope shifts, over two to five bonds, were observed in 
the 13  C n.m.r. spectra of a variety of deuteriated 
-thioxoketones. 
Both short and long-range effects arise from a 
shift in the position of tautomeric equilibrium upon 
substitution, as shown in Scheme 2. 
Some interesting observations were made by Doddrell, 47 
while engaged in a 13  C n.m.r. examination of some 
(1-
2 
 H] - 4 -t -butyl -cyclohexyl derivatives. The most 
important observation was a difference in the magnitude of 
the 	shift in cis and trans isomers of 4-t-butyl 
cyclohexane-1- 2H i . Doddrell noted that 2H in the equatorial 
position had a slightly larger effect on s-carbons, than 
the 2H axial isomer (0.13 ppm and 0.09 ppm respectively). 
In addition, the y-shifted resonance showed a dependence-
on stereospecificity. 
The 2  H -isomer showed a y-shifted resonance for 
C35 of 0 	while- the 2  H isomer showed no resolvableax 
shifted signal. Doddrell suggested therefore that the 
y-antiperiplanar array of 2  H, and C35 promotes a greater 
isotope shift than the y-syn situation existing in the cis 











Further downfield shifts have been observed in 
the 13  C n.m.r. spectra of natural products, on deuterium 
49 exchange of hydroxyl hydrogens. 48, 	Deuterium exchange 
was used as an aid to the assignment of the 13  C n.m.r. 
spectrum of a sesquiterpenoid, and a secalonic acid. 
However, evaluation of the long-range isotope shifts 
is complicated by the absence of the unlabelled isotopomer 
to serve as an internal reference. The differences in 13  C 
chemical shifts could therefore be due to solvent and 
concentration effects. A further complication lies in the 
fact that these compounds are polydeuteriated, and the 
isotope shifts observed are therefore combined effects. 
More intriguing are the downfield ' 1 -shifts observed 
by Saunders, 33 in the 13 C n.m.r. spectra of 2H-cvclo-
hexenyl- and cyclopentenyl- cations (29) and (30), of 
0.167 and 0.163 ppm respectively. The observed splitting 
between C-i and C-3 represents a novel isotope effect, 
termed an "isotopic perturbation of resonance", by the 
authors. This isotopic splitting is much smaller than 
equilibrium isotope effects, but larger than the accompanying 
usual c and B intrinsic isotope shifts. 
More recently, downfield shifts were observed by 
Aydin and Gunther, 50 in cycloheptanes and cyclopentanes, 
but these alkane molecules are flexible, and the shifts 
could arise from a conformational change. However, no 
such conformational change is possible in the bicyclo- 
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is rather large for the effect to have been transmitted 
through four bonds and is likely to be a "through space" 
effect, resulting from the proximity of the interacting 
nuclei. 
Another downfield y shift, which cannot be the 
result of conformational isomerism on 2H substitution was 
recorded by Hansen and Led in 1981.51 In the 13 C n.m.r. 
spectrum of cyclobutene (32), C-3 exhibited a downfield 
y shift of +0.075 ppm. 
Further confirmation of the existence of intrinsic 
long range, downfield y- 2H shifts, comes from recent 13  C 
n.m.r. studies of deuterated azulenes. 52 The c and 
shifts were of the expected order, however azulenes (33) 
and (34) showed the small downfield y and 6 shifts 
indicated. 
A further intriguing result was obtained by 
Servis et al, from a study of - 2H shifts on the 13 C n.m.r. 
resonances of carbocations, prepared by treatment of the 
corresponding alcohols with SbF 5 . Analysis of the spectra 
of deuteriated and unlabelled species revealed the - 2 H 
shifts were 
Downfield for classical static carbonium ions, 
e.g. (35)-(39). 
Zero for classical delocalised ions, e.g. (40). 
Upfield for bridged non-classical ions, 
e.g. (41). 
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The authors saw the downfield s-shift on classical 
static carbonium ions as being related to the demand for 
hyperconjugative stabilisation by the alkyl group. The 
upfield shifts observed for bridged non-classical ions 
arises from changes in the relative importance of 
contributing resonance structures. 
The downfield s-shifts of static carboniuxn ions is 
also of the same order as those exhibited by carbonyls. 
These can also be ratioxalised 54 by the reduced hyper-
conjugative stabilisation of the C- 2H bond, as illustrated 
in Scheme 4. 
The C- 2H bond having a higher energy barrier for 
bond fission, would be less likely to participate in such 
a sacrificial hyperconjugation, and canonical forms 
involving charge separation such as (42) would be of less 
importance in the - 2H ketone. Similar canonical forms 
(shown in Scheme 5) can be drawn for cyclobutene, and 
the observed downfield y 2  H shift on 2  H substitution, 
51 can be 
rationalised as being indicative of the lower probability of 
canonical forms such as (43) in the deuteriated isotopomer. 
3.2.2 2H Isotope-Induced Shifts in Biosynthetic 
•Studies 
In p.n.d. 13  C n.m.r., all 13  C nuclei with one directly 
attached deuterium appear as triplets, of equally intense 
lines, centred -0.3 to 0.6 ppm upfield of the natural 
abundance signal. Each additional attached deuterium 

OME 
shifts the signal a further 0-3 - 0.6 ppm upfield and 
increases the multiplicity. 	The isotopically shifted 
signal shows a great loss in intensity, which is due to 
a combination of three factors i.e. loss of n.0.e., 
increased multiplicity and less efficient relaxation. 
This loss of signal strength however, can he partially 
overcome by deuterium decoupling or simultaneous proton 
and deuterium decoupling. 
This latter technique has been used to simplify the 
13 spectra of metabolites enriched with [2- 13C,2-2 H3 ]-
acetate. 	The methyl ester of palmitic acid (44), bio- 
synthetically enriched with [2- 13C,2- 2 H3 ]acetate, was 
subjected to 13C n.m.r. analysis under condition of 
12 	 55 [ H, H] broad band decoupling. 	The resultant spectrum 
indicated that the C-16 methyl of the starter unit was 
composed of 80% C 2 H3 , 14% C 2 H2 H 2 , 4% C 2 HH and < 3% CH 3' 
Another significant observation was the increased 
retention of 2 H as the chain is transcended i.e. 63% - 
73% 2 retention, from C-14 to C-2. 
Another study by the same group 56  on the polyketide, 
anhydrofusarubin (45) , enriched from [2_ 13 C,2_2 H 3 ] aceta te, 
used similar [ 1H, 2 H] broad band decoupling to simplify 
the 13 C n.rn.r. spectrum. 	The C-il methyl of the starter 
unit showed three isotopically shifted signals, 0.24, 0.49 
and 0.73 ppm, upfield of the natural abundance signal, 
with CH
31  CH2 2 H, CH 2 H 2 , and C 2 H 3 species estimated as 
being present in an 8:33:39:20 ratio. 
S. 
Both studies therefore indicate that the chain 
starter methyl shows significant retention of all three 
acetate derived hydrogens. 
A further indirect method of tracing 2H in biosynthesis 
has recently been proposed by Staunton. 57  Again 2 H is 
monitored through its effect on 13 C nuclei, but the 
reported 13  C nucleus is now placed a to the 2H. In the 
p.n.d. 13C n.m.r. spectrum, the presence of 2H is again 
detected by an upfield shift in the 13 C resonance (a 
isotope shift, which is effectively a singlet, as 
2 	2 13 J( C- H) is neqliqible). The s-shift method is more 
reliable for measurement of 2H enrichment at various sites, 
as the -shifted resonances do not have the poor relaxation 
and loss of n.O.e. associated with cL-shifted resonances. 
Measurement of peak area by integration should therefore 
give a reliable estimate of the abundance of any labelled or 
unlabelled species. 
Abell and Staunton used the s-shift method to 
determine the extent of deuterium exchange during the 
biosynthesis of the tetraketide 6-methylsalicyclic acid (46) 
from (1- 3 C,2- 2H 3 ]acetate. 58 
In the p.n.d. 13 C n.m.r. , spectrum of the methyl ester 
of the enriched metabolite, as expected, there were four 
sites of 13C enrichment, C-2, C-4, C-6 and C-8, with 
upfield - 2H shifted signals for C-2, C-4 and C-6, indicating 
deuterium retention at C-3, C-5 and C-7. The relative 
areas of the shifted and unshifted peaks were measured, 
10 	20 	30 	40 	50 	60 
70 
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Figure 2 O-methylasparvenone production in A. parvulus 
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and allowing for 13C natural abundance, the percentage of 
13 C labelled C 2 units with one or more attached deuterium 
atoms was calculated as: 
C-2 and C-3 	C-4 and C-5 	C-6 and C-7 	C-8 and C-i 
80% 	 70% 	 95% 	 0 
A [2- 2H 3 ]acetate incorporation was carried out for 
comparison,. and 2H retention monitored by 2 H n.m.r. 
Retention of 2  H was again observed at C-3, C-5 and C-7, 
the relative peak intensities being 1.2:1:4.9, while the 
chain starter methyl group was shown to be predominantly 
C 2  H 3  labelled. Both detection methods indicate that 
more 2  H is retained at C-3 and C-5, and that there is a 
high degree of 2  H retention by the chain starter methyl. 
3.3 	Results and Discussion 
A. Parvulus was grown in shaken culture on a malt 
extract medium, and 0-methylasparvenone was isolated from 
an organic extract of the medium, by T.L.C. separation. 
Time-course monitoring of metabolite production was 
achieved by standard methods, and by gas chromatography of 
the crude extract. 	The growth-production curves obtained, 
shown in Figure 2, indicated that the metabolite was being 
produced at an acceptable level of 70 mgi 1 , and that the 
start of maximum metabolite production was somewhere between 
20 and 36 hours. 	Metabolite yields were observed to reach 
a maximum after around 60 hours, and a total incubation 
time of 55 hours was concluded to be appropriate. 
Table 6 	Incorporation of ( 14C]acetate into 
0-methylasparvenone 
Time of Weight Isolated 	Activity 	Dilution addition 	(mg) 	(dpm/mmole) 
Control 	 32 	 - 	 - 
12 hrs 	 9 	 8.26 x 10 	2644 
24 hrs 	 14 	 2.01 x 1O 5 	108.6 
36 hrs 	 22 	 2.79 x 10 	7.8 
Table 7 	H n.m.r. spectrum of 0-methylasparvenone 
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Table 8 Coupling constants observed in the 360 MHz 
n.m.r. spectrum of 0-methylasparvenoné 
Interaction 	 Coupling Constants (Hz) 
4a-3e 3.6 
4a-3a 7.9 
3a - 3e 12.5 
3a - 2e 4.6 
3a - 2a 9.2 
3e-2e 7.0 
3e - 2a 4.6 
2a - 2e 17.7 
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The efficiency of precursor incorporation, optimum 
time of addition, and level of precursor addition, were 
gauged by preliminary experiments with [ 14C]acetate, the 
results of which are summarised in Table 6. 	A marked 
lowering of metabolite yields was observed on addition of 
precursor, however, the addition time resulting in optimum 
incorporation fortuitously also gave the highest yield. 
Addition of [ 14 C]acetate after 36 hours of incubation 
was observed to result in an extremely low dilution of 
around 8, an excellent level for detection of enrichment 
by 13 C-labelled acetates. 
3.3.1 	Assignment of 1  H and 13C n.m.r. spectra 
The 1  H n.m.r. spectrum of 0-methylasparvenone at 
360 MHz is shown in Figure 3, and assigned as shown in 
Table 7. 	A D 2  0 shake removes the broad signal between 
2.7-2.75 S due to the C-4 hydroxyl, and at high field due 
to the extra dispersion of the signals, the spectrum becomes 
approximately first-order. 	The absorptions were assigned 
on the basis of their chemical shifts, while, the 2- and 3-
methylene protons were assigned by analysis of their 
coupling constants, and that of the 4-axial proton. 
An expansion of the 360 MHz 1H n.m.r. spectrum for 
the C-3 methylenes is shown in Figure 4, which illustrates 
the complex splitting pattern and how it arises. 	The 
coupling constants and their origins are summarised in 
Table 8. 
The p.-..d. 13C/n.m.r. spectrum of 0-methylasparvenone 
Table 9 	Chemical Chifts, multiplicities and results of specific 'H decoupling experiments 
in 90.6 MHz 13C n.m.r. spectra of 0-methylasparvenone 
SC 	(ppm) Multiplicity + 2H20 10-Me 	9-CH2 	H-4 	H-5 Assignment 
202.0 Sm sh 1 
163.6 Sm 6 
161.8 Sq q-t t-s 8 
145.3 Sm 4a 
119.4 Sm sh 	sh 	m-t 	- 	sh 7 
109.8 St t-d sh d-s 8a 
100.5 Dd d-s 5 
68.2 Dm 4 
55.6 Q OMe 
34.5 Tm 2 
31.7 Tm 3 
15.4 Tq 9 
12.9 Qt 10 
Key 	sh = sharpens 
q-t = quartet becomes triplet 
t-d = triplet becomes doublet 
t-s = triplet becomes singlet 
m-t = multiplet becomes triplet 
d-s = doublet becomes singlet 
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showed the 13 carbon resonances listed and assigned in 
Table 9. 	Assignments were made on the basis of 
chemical shift and multiplicity observed in the S.F.O.R.D. 
spectrum, and by analysis of long-range 	couplings 
observed in the fully 1  H coupled 13  C n.m.r. spectrum, 
using specific I  H decouplings and 2  H exchange. 
The highest field singlet at 202 ppm due to C-1, and 
the doublet at 100 ppm, due to C-5, are the only sp 2 
carbons which can be assigned on the basis of chemical 
shift, and observed multiplicities. 	The remaining doublet 
at 68 ppm, is readily assigned to C-4, while the quartets 
at 55 and 13 ppm, are due to the methoxy carbon and the 
C-10 methyl respectively. 	Of the remaining triplets in 
the S.F.0.R.D. spectrum, that at 15 ppm appears as a 
triplet of quartets in the fully 1  H coupled spectrum, and 
is therefore assigned to C-9. 	The signals at 34 and 31 ppm 
are assigned to C-2 and C-3 respectively, from chemical 
shift considerations, and the observation that the 
multiplet at 34 ppm shows less coupling than that at 31 ppm, 
in the fully 1  H coupled spectrum. 
The remaining 5 aromatic carbon resonances were 
rigorously assigned by analysis of the effects of specific 
decoupling and 2H exchange experiments, shown in Table 9, 
remembering that in aromatic systems, the order 31 > 2 1 > 
is normally observed. 59 	2H Exchange removes coupling from 
the doublet at 147 ppm, which is assigned to C-4a. 	On 
irradiation of H-4, the doublet of doublets at 105 ppm, 
Table 10 : Coupling constants and enrichments observed 
in the 13  C n.m.r. spectra of 0-methylasparvenone 
enriched from (1- 13C](+) , [2-C] (*) , and 
(1,2- 13  Clacetate 
Carbon 	6  (ppm) 	1J ( 13C- 13 C) 	Enrichment 
1 202.0 42 
2 34.5 41 b,c 
3 31.7 37 + 
4 68.2 37 * 
4a 145.3 62 + 
5 100.5 63 * 
6 163.6 70 + 
7 119.4 71 * 
8 161.8 61 + 
8a 109.8 62 
9 .15.4 33 + 
10 12.9 34 * 
Meo 55.6 - - 
a average enrichment for [1-13C]acetate is 2 atom% 
b average enrichment for (2-13C]acetate is 14 atom% 
c 2. ( 13 C-13C) of 10 Hz observed 
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previously assigned to C-5 simplifies to a doublet, while 
the triplet at 111 ppm is reduced to a doublet and 
assigned to C-8a. 	The signals at 165 and 163 ppm, 
similarly are seen to exhibit a 3-bond coupling to the 
9 methylene protons, and are assigned to C-6 and C-8. 	By 
a process of elimination, the signal at 120 ppm is assigned 
to C-7. 	Final rigorous assignment of C-6 and C-B comes 
from the results of incorporation of (1,2-13C2]acetate, where 
they exhibit 13C-13 C couplings of 70 and 62 Hz to C-7 and 
C-8a respectively. 
3.3.2 	Incorporation of i- 13ci; [2- 13C] and [1,2-13C ,1acetates 
Due to the high incorporation of precursors, the sites 
of 13C enrichment were apparent by visual inspection of the 
p.n.d. 13 C n.rn.r. spectra of the isolated metabolites, and are 
shown in Table 10. The (l- 13C]- and [2- 13C]acetate 
enrichments confirm that the metabolite is derived from a 
hexaketide precursor, as illustrated in Scheme 6. 
The initial experiment, with addition of [l,2- 13 C 2 1-
acetate at36 hours, showed poor incorporation and low 
metabolite yield. 	A subsequent experiment with (l,2-13C 2 ]- 
acetate being pulse-fed in two portions at 26 and 31 hours 
after initial innoculation, gave much higher incorporation 
and yield. 
A further consequence of this high level of 
incorporation is observed in the 13C n.m.r. spectrum of the 
[l,2-13C 2 ]acetate enriched metabolite. 	Multiple labelling 
13 13 of individual molecules has occurred, resulting in C- C 
Table 11: 1H Chemical Shifts; 2  H chemical shifts and 
intensities observed in ( 2 H3 ] acetate-enriched 
0-methyla sparvenone 
Hydrogen 	 6(1H)a 	 (2H)b 	
Relative  
Intensity 
2ax 2.52 2.56 
2eq 2.80 
3ax 2.04 2.08 
3eq 2.24 
4ax 6.77 
5 6.61 6.67 
9 2.59 
10 1.03 1.05 
OMe 3.85 
a Measured at 360 MHz 
b Measured at 55 MHz 
c Normalised to H-S, which is itself enriched 






Figure 5 	55 MHz 2 H n.rn.r. spectra of [ 2 H3 ]acetate - 
enriched 0-methylasparvenone 
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coupling constants, indicates that C-1 and C-2, C-3 and C-4, 
C-4a and C-5, C-6 and C-7, C-8 and C-8a, and C-9 and C-b 
are derived from intact acetate units. 	Moreover, from the 
arrangement of intact acetate units in the final metabolite, 
it can be deduced that the only possible mode of folding of 
the polyketide progenitor is that shown in Scheme 6, a 
novel mode of folding for hexaketides. 
On the basis of these results, an initial proposal 
for the biosynthesis of O-rnethylasparvenone, can be made. 
The C12 polyketide chain folded as shown in Scheme 6, 
cyclises to the polyhydroxynapthalene with the B-ring 
undergoing subsequent transformation to the napthalenone. 
Loss of oxygen at C-3 and C-9 at some point during the 
biosynthesis, and its introduction at C-4 are necessary for 
the final elaboration of the product metabolite. 
3.3.3 	Incorporation of [ 2H,]acetate 
The 2  H n.m.r. spectrum of O-methvlasparvenone enriched 
with 2H-labelled acetate is shown 	irilt •S) and yields the 
data listed in Table 11. 	Close correlation of 1  H and 
chemical shifts can be observed, with a maximum deviation 
of ± 0.06 ppm. 	All shifts are small and positive, with the 
exception of the 2-axial position, where a negative shift 
of 0.02 is observed. 	The levels of 2H retention are 
normalised to the level of the 5-hydrogen, which is enriched 
to 5.3 atom %, and serves as an internal reference. 	Thus, 
the aromatic, 2-axial and 3-axial, and 10-methyl hydrogens 
are significantly enriched, while the methoxyl shows minor 
R 	 R 
• 	H 
H° 
R 	 R 










labelling. 	This level of retention is greater than 
natural abundance, and is in accord with other observations 
of methionine derived methyl groups, 60,61  which show the 
C1 pool to be particularly effective in scavenging 2 H label 
washed into the medium. 
The observed absence of 2H label at C-4, and its 
presence at C-3, requires comment. 	The most probable 
explanation is that an N.I.H. shift is being observed. 
N.I.H. shifts occur during the enzymatic hydroxylation of 
a number of aromatic substrates. 62 	Enzymatic -hydroxylation 
is thought to proceed by electrophilic substitution, and 
formation of an epoxide or arene oxide species as shown in 
Scheme 7. 	Acid catalysed ring-opening of the epoxide 
generates a carbonium ion at C-3. 	Hydride shift of X to the 
carbonium ion centre forms a more stable oxonium species 
which can deprotonate readily to the cyclohexadienone, which 
on arornatisation yields the phenolic product. 	The 
aromatisation step requires the abstraction of hydrogen at 
C-3. 	When X = 2H, or 3 H, 1 H is abstracted preferentially due 
to the lower energy barrier for C- 1H bond fission, which 
causes a kinetic isotope effect in this step, and results 
in the selective retention of the heavier isotope. 63 
The level of 2H retention at C-3 is 50% that of C-2. 
If the two relevant positions are assumed to be subject to 
similar probabilities of 2H loss, then this level of 
retention is consistent with levels commonly observed in 
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The observation of an N.I.H. shift has two important 
consequences: firstly, hydroxylation at C-4 of an aromatic 
precursor must occur prior to reduction to the dihydro-
napthalene level. 	Secondly, oxygen at C-3 must be 
removed prior to this hydroxylation and is presumed to be 
lost prior to aromatisation. 
These conclusions have implications on the biosynthetic 
pathway to 0-methylasparvenone, as outlined in Scheme 8. 
The trihydroxy (47) and tetrahydroxy napthalene (48) inter-
mediates shown, are consistent with all the observed 
labelling patterns. 	Reduction of the aromatic ring is also 
observed to occur stereospecifically, as only the 2- and 
3-axial hydrogens are labelled. 
Another noteworthy result is that the level of 2 H 
retention of the C-10 methyl is only 1.8 that of the C-5 
position. 	2H n.m.r. does not allow firm determination of 
the specific labelling of individual molecules, as it only 
provides a realtive isotopic ratio of 2 H: 1H at specific 
positions. 	However, this reLo.tively low level of label 
at C-lO, implies a greater loss of deuterium by exchange 
than at C-5. 	This would seem to indicate that the C-9 
position is not reduced until after aromatisation, presumably 
by reduction of the ketone, and dehydration of the 
resulting alcohol. 	The isolation of several 9-oxygenated 
napthaiene derivatives, in small amounts, from cultures 
of A.parvulus, 2 lends weight to this proposal. 
The mechanism for loss of C-9 oxygen by reduction and 
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Figure 6 	90.6 MHz 13C n.m.r. spectrum of [1-13C, 2 H 3 ]acetate 
enriched 0-methylasparvenone 
Table 12 Isotope shifts observed in the 90.6 MHz 
13 C n.zn.r. spectrum of [1-13C, 2 H3 )acetate 
enriched 0-methylasparvenone 
carbon 	 6C (ppm) 	 MC (ppm) 
1 	 202.0 	 +0.06 
4a 	 145.3 	 -0.06 
9 	 15.4 	 -0.08, -0.16 
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of the double bond, necessitates the loss of at least one 
acetate derived hydrogen from C-b. 	0-methylasparvenone 
enriched from ( 2 H3 ]acetate would therefore have no more 
than 2 deuterons retained by the chain starter unit. 
Indirect monitoring of 2H incorporation by 13C n.m.r. 
seemed ideal for investigating the labelling of the C-b 
methyl. 
3.3.4 	Incorooration of 11- 13C,2- . H_lacetate 
[l-13 C,2- 2 H3 ]acetate was duly pulse-fed to the 
culture, and the enriched metabolite was analysed by 
and 13 C n.m.r. 	The 2 H n.m.r. spectrum indicated enrichment 
of 2H at the 5, 2-axial, and 10-methyl positions, but not 
at the 3-axial position. 	The resulting p.n.d. 13C n.m.r. 
spectrum is shown in Figure 6 and summarised in Table 12.. 
C-9 Shows two resonances isotopically shifted upfield 
(0.08 and 0.16 ppm) of the natural abundance signal, 
indicating the presence of adjacent CH 2 H 2 and CH 2 2 H species 
only, and confirms the previous proposal. 	The s-shift is 
clearly additive here, showing an effect of -0.08 ppm 
per 2H. 	C-4a shows an isotopically shifted resonance of 
-0.06 ppm due to 2 H at C-5, while C-i shows a downfield 
shift of +0.06 ppm, of much lower intensity than that 
expected from the level of retention observed in the 2 H 
n.m.r. spectrum. 	This observation is a consequence of 
the involvement of the C-2 hydrogens in the dipolar relaxation 
mechanism of the C-1 carbonyl. 	Removal of 1H, and 
substitution with 2H, causes a loss of relaxation, and therefoi 
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a decrease in signal intensity. 
C-3 also exhibits a low intensity, isotopically 
shifted resonance (-0.13 ppm), due to an adjacent intact 
acetate unit, bearing 2  H at the 2-axial position. 	This 
multiple labelling of individual molecules is further 
evidenced by the 2J 13C-homonuclear coupling between C-6 
and C-8. 
To confirm the size and signs of the s-isotope 
shifts on C-1 and C-3, we sought to label 0-methylasparvenone 
synthetically. 	Base catalysed exchange of 0-methyl- 
asparvenone in MeO 2H resulted in complete removal of the 
2-axial and 2-equatorial resonances in the 1H n.m.r. spectrum. 
C2- 2H 2 1-0-methylasparvenone was mixed with unlabelled 
0-methylasparvenone to provide an internal reference for 
natural abundance signals. 	In the resulting p.n.d. 13  C 
n.m.r. spectrum C-1 showed a s-shift of +0.08 ppm, while 
C-3 showed a shift of -0.17 ppm (cf +0.06, and -0.13 ppm 
previously). 	Only two conclusions are possible from this 
result; either s-shifts are not additive, or the s-shift 
due to the equatorial H is much less than that of the 
axial 2 H. 
In order to remove any ambiguity, an exchange in 
equimolar MeOH and MeO 2H was carried out. 	By this procedure 
it was hoped that a statistical mixture of all possible 
labelling patterns on C-2 would result, as shown in 
Scheme 9. 
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product now showed (Figure 7) C-3 to have 3 isotopically 
shifted resonances, -0.03, -0.13 and -0.17 ppm, of 
similar intensity. 	C-i also showed 3 isotopically 
shifted signals, +0.02, +0.06 and +0 .08 ppm, and as 
expected, the intensity decreases as the degree of 
deuterium exchange increases. 
The - 2H isotope shift is therefore both additive 
and dependent on the stereospecifity of labellingin 
0-methylasparvenone. 	Further investigation of this 
effect seems warranted, and a number of synthetically 
deuterated model compounds should be prepared and analysed 
by 13 C n.m.r. 
A full proposal for the biosynthesis of O-methylasparvenoi 
consistents with all the observed results is shown in 
Scheme 10. 
3.4 	Experimental 
For general conditions see section 2.4.1. 
Culture conditions 
Aspergillus parvulus was grown in shaken conical 
flasks (250 ml) containing 75 mis of the medium described 
below, at 27-29°C, at 150 r.p.m., for 3 days. 
Medium 	Malt extract 	 20 g per litre 
Glucose 
	
20 g per litre 
Phytone peptone 
	
1 g per litre 
Distilled water 	to 1 litre 
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Isolation of 0-methylasparvenone 
The mycelial suspension was filtered, washed and 
the liquors acidified with dilute hydro.hloric acid, then 
extracted 3 times with ethyl acetate. 	The crude extract 
was subjected to T.L.C. separation, using an eluent of 
4% MeOH in CHC1 31  (Rf = 0.35). 	0-methylasparvenone was 
recrystallised from ethyl acetate/light petrol. 	M.pt. = 
130°C (lit. 132 ° C) 
Metabolite production was monitored by standard methods 
and by Gas Chromatography, where 1 41 of diluted crude 
extract was compared to a standard 1 41 injection of a 
standard solution of 0-methylasparvenorie (2 mg ml- 1 ) 
G.C. Conditions 
3% QFI 
Column temp 	- 180 ° C 
Detector temp 	- 200°C 
Injector temp 	- 200°C 
In the first experiment the 0-methylasparvenone 
content of 150 mis of medium was analysed, in the second, 





cubation time 0-methylasparvenone Incubation time 0-methylasparvenone 
(hours) 	 (mg) 	 (hours) 	 (mg) 
8 1.0 7 0.5 
24 1.4 14 0.4 
34 5.9 24 0.6 
48 7.5 24 1.8 
56 8.7 49 5.2 
72 8.6 55 5.2 
80 8.4 60 4.3 
72 4.6 
100 4.9 
Incorporations of (1- 14 C1 acetate 
Sodium [1 -14 C]acetate (10 j.tci) was added to a 
solution of sodium acetate (0.5 g) in water (12 mis). 
The solution was administered to 6 x 75 ml flasks of 
culture, at periods after initial innoculation of 12, 24, 
act' 36 hours. 	0-Methylasparvenone was isolated after 
55 hours and its activity measured by liquid scintillation 
counting. 
-112- 
Time of 	Weight isolated 	Activity Dilution 
Addition (mg) 	 (dpm/mxnole) 
Control 	 32 	 - 
12 hrs 9 8.26 x 1O 3 	2,644 
24 hrs 	 14 	 2.01 x 1O 5 	108.6 
36 hrs 	 22 	 2.79 x 10 	7.8 
Specimen calculations of [14C]acetate dilutions 
Specific activity of precursor in all cases = 3.64 x 10 6 dpm/mm 
Counting efficiency 
94 mg of standard (267.1 dpm/mg) 
D.p.m. = 25,107 
c.p.m. observed = 20,714 
• 	counting efficiency = 20,714 = 82% 
25,107 
Dilution of the 36 hour addition 
C.p.m. = 9,693 mg- 	= 11,820 
Mol. wt. = 236 
specific activity of 0-methylasparvenone 
= 2.79 x 10  dpm/mmole 
specific activity of precursor x no of labelled site Dilution - - specific activity of product 
= 7.84 
Incorporation of 13 C and 2 H3 labelled acetates 
The 13 C and 2  H labelled acetates listed below were 
dissolved in 5-10 mis of water and added to cultures of 
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A. parvulus, either 36 hours after initial innoculation, 
or pulse-fed in two additions, 25 hours and 31 hours after 
innoculation. Samples of 13  C labelled 0-methylasparvenone 
were isolated after 55 hours as described previously. 
Labelled Amount of Volume of Addition Weight of 0-methyl- 
acetate 	addition culture time asparvenone isolated 
in mgs in mis in mgs 
1- 13 c3 	100 150 36 9 
[ 2 H 3 ] 	2,000 900 36 38 
(2- 13 C] 	200 225 25 and 31 16 
[1,2-13 C 2 } 	50 150 25 and 31 11 
(l-13 C, 2H 3 ] 	100 150 25 and 31 8 
E2- 13 C, 2H 3 1 200 	300 	25 and 31 
	
13 
Deuteration of 0-methylasparvenone 
0-methylasparvenone (50 mg) was dissolved in MeO 2H 
(3 mis) and sodium methoxide (20 mg) was added. 	The 
mixture was stirred at RT, for three days, after which 
time it was acidified with dilute HC1, extractedwith 
ethyl acetate, dried over MgSO 4 , and solvents removed 
under reduced pressure. 	Purification by T.L.C. with 4% 
methanol in chloroform (Rf = 0.4), and recrystaliisation 
from ethyl acetate/light petrol, afforded 33 mg of 
0-methylasparvenone. 
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Preparation of [ 2 _ 1Hcg i 2 Hpx 	2 ]i [_ 2 Hcg i iHpx 1 	[2- 2 H2 1 
and unlabelled 0-methylasparvenone 
2-methylasparvenone (50 mg) was dissolved in MeO 2 H 
(3 mis) and MeOH (3 mis) and sodium methoxide (20 mg) 
was added. 	The mixture was stirred at RT for four days, 
after which time it was acidified with dilute HC1. 
Extraction and purification as described above yielded 
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They have also been shown to be excreted into the milk 
of cows fed on infected fodder. They therefore posed a 
serious health and economic hazard, which promoted wide-
spread study of their biosynthesis. 
4.2 TheAflatoxin Biosynthetic Pathway 
Once the structures (1) - (7) had been determined, 7 
various proposals were made as to the biosynthesis of 
the aflatoxins. A shikimate origin was proposed by one 
group 8  after incorporation studies had implied phenyl-
alanine and tyrosine as precursors. However, later work 
by two independent groups 9,10  showed this result to be 
irreproducible, and removed shikimate as a possible 
precursor. A terpenoid. origin and a meroterpenoid 
origin were also proposed for the biogenesis of the 
aflatoxins. 11 
A fungal secondary metabolite of similar structure 
to the aflatoxins is sterigmatocystin (8) produced by 
Aspergillus. versicolor, which has a xanthone ring fused 
to the bisdihydrofuran moiety. 
The similarity of structure prompted Holker 12 to 
propose that either sterigmatocystin was a precursor to 
aflatoxin B 1 , as shown in Scheme 2, or that both compounds 
were derived from a common biogenetic precursor. 
Various polyketide origins were proposed for the 
aflatoxins. In 1965, Thomas 13  proposed a C20 polyketide, 
such as averuf in (9), as an initial precursor which could 




























that high levels of aflatoxin consumption is related 
to an increased incidence of human liver cancer. 3 
A recent outbreak of acute hepatitis, in Kenya, 
which resulted in a 60% mortality rate, was found to be 
caused by aflatoxin contaminated maize. 4 Patients were 
jaundiced and fevered, with hepatic failure developing in 
most, and massive gastrointestinal haemorrhage was 
observed in the terminal stage. 
The actual carcinogen is thought to be a 
metabolically activated derivative. Oxidation of 
aflatoxiri B 1 in the liver, by mixed function oxygenases, 
yields the short-lived, but toxic 15,16, epoxide, which 
can then bind covalently to nucleic acid sites in the liver. 
Aflatoxin B 1 epoxide is known  to bind to DNA and RNA 
molecules predominantly through their guanine residues. 
The aflatoxin B 1 -N7 -guanine is capable of inducing frame 
shift mutations due to intercalation of the aflatoxin B 1 
molecule, together with base substitution mutations as a 
result of misrepair. 
It is now presumed that many diseases of previously 
unknown aetiology, were due, in part at least, to the 
presence of aflatoxins in food, e.g. a liver disease of 
pet dogs, canine X disease, was caused by contamination 
of dog food by the aflatoxins. 6 
The aflatoxins are contaminants of a number of 
food-stuffs such as peanuts, Brazil nuts, soya beans, 
fruit, cottonseed meal, and corn and grain sorghum. 
-120- 
4.1 	Introduction 
In 1960, an apparently new disease occurred among 
turkey poults in Britain. 	A significant feature of 
the disease, which caused the death of 100,000 birds, 
was the presence of histopathological lesions in the 
livers of infected animals. 	Although it was initially 
named Turkey X disease, similar outbreaks were soon 
reported in ducklings, young pheasants, and chickens. 
The common factor was found to be the presenceof 
Brazilian groundnut meal in the birds' foodstuff. 
However despite intensive screening, no known toxic 
agent was found in the meal. 	Subsequent outbreaks of 
disease in pigs and calves were also found to be caused 
by the same groundnut meal. 	Inspection of the 
pathogenic peanut meal revealed contamination by the 
ubiquitous fungus Aspergillus flavusJ 
The toxic factor, named aflatoxin, was later shown 
to be a series of structurally related compounds, all 
containing a coumarin ring system fused to a bisdihydro-
furan moiety, and either a cyclopentanone ring or a 
6-lactone ring, as illustrated in Scheme 1.. 
Aflatoxin B 1 (1) is the most widely occurring and 
the most biologically active of these metabolites, being 
not only a potent mycotoxin, but also a carcinogen, a 
mutagen, and a teratogen. 	It is carcinogenic in many 
animals, and is the most potent hepatocarcinogen known, 
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Scheme 3. In 1970, Buchi and co-workers confirmed a 
polyketide derivation for aflatoxin B 1 by incorporation 
14 	 14 	 14 of I C]acetate and (Me- C]methionine. 	Buchi noted 
that 0-methyisterigmatocystin (10)15 and versicolorin C 
(11) 16 were co-metabolites of aflatoxin B 1 in A. flavus, 
and proposed a pathway consistent with the 
14  C results, 
from a C 18 polyketide precursor, shown in Scheme 4. 
As ( 14 C]acetate incorporations into sterigmatocystin 
revealed a slightly different level of incorporation into 
the bisdihydrofuran ring compared to the xanthone 
portion of the molecule, 17 various authors proposed 
10  a 
heptaketide anthraquinone precursor, to which a C 4 unit 
was added. However, the postulates of Buchi were 
generally accepted before the advent of 
13  C n.m.r. studies, 
and the application of a variety of other biosynthetic 
techniques to the study of aflatoxin biosynthesis. 
The most frequently employed technique for studying 
the formation of secondary metabolites, is the 
administration of isotopically labelled precursors to the 
organism under study. Subsequent analysis of the isolated 
metabolites then reveals whether or not incorporation of the 
substrate has occurred. Another frequently employed 
technique is the screening and characterisation of other 
metabolic products from the same organism, which are 
structurally related to the metabolite being investigated. 
Kinetic pulse labelling is a technique originally 
developed by Calvin and co-workers for elucidating the 
-124- 
path of carbon in photosynthesis. 18  The technique 
consists of following the metabolism of plausible 
radioactive precursors as a function of time, thus 
revealing an ordered sequence of appearance of related 
metabolites. If successful, it is an excellent and 
rapid qualitative probe, which can suggest a preliminary 
outline for a biosynthetic pathway. A successful 
application of this technique to fungal systems is the 
study of the biosynthesis of patulin (12) by Forrester 
and Gaucher. 19 The kinetic pulse labelling study 
identified the intermediates, and their order of 
appearance outlined the biosynthetic pathway shown in 
Scheme 5. 
The methodology of kinetic pulse labelling is to 
allow the organism to metabolise a 14 C-labelled precursor 
over various time intervals. The biosynthetic reactions 
are quenched by quick freezing, and the complement of 
metabolites is extracted. Radioautography of the 
chromatographed extracts can then provide a sensitive 
assay for the appearance and disappearance of various 
intermediates. By using this method, transient inter-
mediates can be distinguished from dead-end metabolites. 
The former are synthesised and disappear rapidly, while 
the latter accumulate steadily, and show little or no 
sign of degradation. 
The use of auxotrophic mutants is another relatively 
new technique for the study of microbial biosynthesis. 
-125- 
Mutations can be induced in fungi and bacteria, by 
exposure of the organism to u.v. radiation or a chemical 
mutagen. Most mutations are deleterious, however, 
fortuitous mutation can lead to a genetic block of 
enzyme synthesis. A mutant lacking an enzyme catalyzing 
a step in the biosynthesis of a specific metabolite, 
will therefore exhibit greatly impaired production of 
that metabolite. Moreover, the biosynthetic inter-
mediate which is to be converted by the missing enzyme, 
will be over-produced, and accumulate in the organism. 
If . a substance is isolated from such a mutant, then its 
conversion to the metabolite under study, by resting cells 
of the wild-type culture, establishes it as an obligatory 
intermediate. 
Effects similar to those exhibited by auxotrophic 
mutants, can be produced by the use of in vivo of 
specific enzyme inhibitors. Application of such enzyme 
inhibitors can also identify obligatory intermediates, 
by their accumulation, and subsequent conversion by wild 
type cultures. 
An ideal sequence of approaches for the elucidation 
of a biosynthetic pathway, has been proposed by Zamir. 20 
This involves an initial kinetic pulse labelling 
experiment to suggest a preliminary outline of the pathway. 
Putative precursors can then be isotopically labelled and 
administered to the organism. Analysis of the isolated 
1 1 
(MeO) 2 P—O—CHZC Cl 2 
(18) 	dichlorvos 
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norsolorinic acid (14). Its intermediacy was established 
by the use of auxotrophic mutants. Mutants of 
A. parasiticus obtained by u.v. irradiation, 25  and 
treatment with the chemical mutagen, N-methyl-N-nitro-
N-nitrosoguanidine, 26 displayed altered biosynthetic 
capability. Mutant J.B.8 exhibited greatly reduced 
aflatoxin production, and the accumulation of norsolorinic 
acid in the mycelium. Incubation of ( 4 C]norsolorinic 
acid with resting cells of wild-type A. parasiticus, 
however, led to its conversion to aflatoxin B 1 . 27 
The next, and most recently identified intermediate 
on the biosynthetic pathway, is averantin (15). A new 
mutant (ver.mu-39) obtained by nitro soguanidine 
treatment of A.. parasiticus, produced no aflatoxins, 
but accumulated several polyhydroxyanthraquinones, one 
of which was identified as averantin. Radiotracer studies 
with [ 4C.javerantin showed that 15.3% of label from 
averantin was incorporated into aflatoxin B 1 by the wild 
type culture. 28 
Yet another mutant induced by the mutagen N-methyl-
N-nitro-N-nitrosoguanidine, (ATCC 24551) was shown to be 
deficient in aflatoxin capability, but accumulated 
averuf in (9) in the mycelium. 1 14 C1-Averufin was 
efficiently converted into aflatoxin B 1 by resting cells 
of the wild type culture. 30  Moreover, averuf in 
biosynthetically enriched with [1,2- 3 C2 ]acetate was 
converted into aflatoxin B2.3 
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Thus from examination of the structural types 
elaborated by these organisms, a feasible biogenesis is 
from a C 18 or C20 polyketide progenitor. Cyclisation 
and aromatisation to yield a polyhydroxy anthraquinone 
with either a branched C 4 , or C 6 side chain, followed 
by xanthone formation to yield angular xanthone, would 
yield a sterigmatocystin-type intermediate. Finally, 
oxidative cleavage of the A ring of such a xanthone, and 
formation of a cyclopentenone moiety would yield the 
coumarin structure of the aflatoxin B 1 carbon skeleton. 
14 	13 As C and C studies on the biosynthesis of the 
aflatoxins increased, experimental evidence which 
conflicted with the proposals of a biogenesis from C 14 
and C 18 polyketide precursors arose. Buchi's scheme was 
shown to be unlikely, by the very low incorporation of 
napthacene quinones and benzanthrenes into aflatoxin B 1 , 21 
and untenable, by analysis of the results of incorporation 
of (1,2- 13C2 ]acetate into aflatoxin B 1 . 22 
A C4 addition to a C 14 precursor, was also shown to 
be unlikely by the poor incorporation of various C 4 units 
into aflatoxin B 1 . 23 
The currently accepted 24  biosynthetic pathway to 
the aflatoxins is illustrated in Scheme 6. The 
elucidation of this pathway involved use of all the 
aforementioned techniques by various groups of researchers 
of different disciplines. The first recognised precursor, 
after cyclisation of the C 20 polyketide chain (13), is 
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products can then implicate the precursor-product 
relationship involved in the biosynthesis. 
The in vitro conversion of one intermediate to 
another by a pure enzyme, together with the previously 
obtained information constitutes unambiguous proof of 
the enzymatic reaction. However this necessitates 
isolation of pure enzymes, which is very difficult in 
most cases. The use of auxotrophic mutants can then 
prove that the enzymatic reactions are indeed biosynthetic 
reactions in vivo, and can confirm the identity of the 
various precursors. 
Figure 1 provides a brief review of secondary 
metabolites, which are conceivably biogenetically related 
to sterigmatocystin and the aflatoxins, which have been 
isolated from A. versicolor, A. flavus and A. parasiticus. 
These fall into five basic structural types as shown: 
I Polyhydroxy anthraquinones, with unbranched 
C6 side chain. 
II Polyhydroxy anthraquinones, with branched C 6 
side chain. 
III Polyhydroxy anthraquinones, with branched C 4 
side chain 
IV Xanthones with linear structure 
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If complete degradation to labelled acetate had 
occurred in the latter three cases, then its reincorporation 
should have revealed an R.S.A. value similar to that 
obtained from the incorporation of ( 4C]acetate. 
Completely unambiguous proof of intact incorporation 
of precursors, however, necessitates the synthesis of 
specifically labelled precursors. Recent work on 
averuf in by two groups has accomplished this. Simpson 
41 prepared averuf in, labelled with deuterium et al 
exclusively in the 4' positions, by acid catalysed 
exchange. Subsequent addition of the 
averuf in to cultures of A. flavus, led to the isolation 
of aflatoxin B 1 , labelled only in the 16 position, as 
shown in Scheme 8. Averuf in is therefore incorporated 
intact into aflatoxin B 1 , and is established as an 
obligatory intermediate on the biosynthetic pathway. 
The aforementioned extensive experiments have 
yielded the likely sequence of intermediates shown in 
Scheme 6. The biosynthesis of the aflatoxins, originates 
from a C20 polyketide chain folded as shown, with intra-
molecular aldol condensations, enolisations, aromatisation 
and oxidation yielding the polyhydroxy-anthraquinone, 
norsolorinic acid. The C 6 side chain of the anthraquinone 
is then converted, via averantin, to the cyclic ketal 
system of averuf in. Loss of two carbons from the C 6 
cyclic ketal gives the bisdihydrofuran system of 
versicolorin A. 
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precursors is a highly variable function of culture, 
nutrition and other factors. The possibility does 
exist therefore, that degradation to labelled acetate 
and re-incorporation can occur, to give aflatoxin B 1 
with the required labelling pattern. 
This possibility seems to be ruled out by the 
precursor incorporation studies done on the averuf in 
accumulating mutant (ATCC 24551), 	which takes into 
account the relative specific activity (RSA) or 
relative isotope content of the product metabolite. 
The R.S.A. is defined as follows: 40  
specific radioactivity of aflatoxin 
R.S.A. = 
specific radioactivity of labelled precursor 
= A2 /M2 
A 1 /M 1 
A = radioactivity of labelled compound fed in Xi 
M = quantity of labelled compound fed in moles. etc. 
Table 1 summarises the results of the incorporation of 
various [ 14 C]-labelled precursors. The R.S.A. of 
aflatoxin B 1 derived from acetate is 0.24, compared with 
a theoretical maximum of 9 (de novo synthesis is 
greatly reduced due to the enzyme blockage). Versiconal 
acetate and. versicolorin A, however, show only minor 
dilutions (the R.S.A. of both is 0.65 compared to a 
theoretical maximum of 0.9), while sterigmatocystin 
shows only a minimal dilution. 
Table 1 	Incorporation of ' 4C-labelled precursors into aflatoxin B 1 
14 C-labelled 	Amount 	Radioactivity Specific activity 	R.S.A. precursor (mo1 x 10 2 ) (dpm x log ) 	( Ct/mo1) 
Sodium acetate 0.80 0.05 0.03 0.24 
Versiconal acetate 1.80 0.50 0.13 0.65 
Versicolorin A 6.35 48.17 3.45 0.65 
Sterignatocystin 8.63 73.70 3.88 1.00 
HO 	 0 	
D D 





Further evidence for the proposed sequence of 
precursors comes from the results of kinetic pulse 
labelling experiments, with cultures of A. versicolor 
39 and A. parasiticus. 20, Monitoring of the metabolism 
of [ 14 C]acetate by A. versicolor, indicated norsolorinic 
acid, averuf in, and versicolorin A as sequential 
intermediates in the biosynthesis of sterigmatocystin, 
and versicolorin B (19) as a dead-end or shunt metabolite. 
The results from monitoring the metabolism of 
[ 14C]acetate in A. parasiticus indicated that norsolorinic 
acid, averufin, and versicolorin A were sequential inter-
mediates of afiatoxin B 1 . 
Sterigmatocystin, however, appeared only after the 
initial production of aflatoxin B 1 . It was observed to 
accumulate from 33 hr. to 53 hr. after initial 
innoculation, after which time, its concentration 
decreased, while the concentration of the aflatoxins 
increased. This is seen by the authors, as indicative of 
two biosynthetic pathways to the aflatoxins bifurcating 
after versicolorin A, only one of which involves 
sterigmatocystin as an intermediate, as shown in Scheme 7. 
One criticism of the results from incorporation of 
13 and 14  C label is that all the isotopically labelled 
precursors tested for incorporation into aflatoxin B 1 , 
are biosynthetically enriched from [ 13 Cl- or [ 14C]_ 
acetate, and therefore prone to error. Incorporation of 
A VE RANT IN 
NORSOLORINIC ACID 
AVERUFIN 	 AFLATOXIN B 1 
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( 14 C] Label from sterigmatocystin has been incorporated 
into aflatoxin B 1 by A. parasiticus, with an efficiency 
of 	32 This conversion was also achieved by a cell- 
free enzyme system, 36  which confirmed the biosynthetic 
relationship of the two metabolites. The enzymatic 
conversion was NADPH dependent, indicating that the 
enzyme catalysing the reaction is most probably an 
oxygenase. This finding is in agreement with the 
chemical requirements of the conversion, as an oxidative 
cleavage of the A ring of sterigmatocystin is necessary 
for formation of aflatoxin B 1 . 
Aflatoxin B 1 is currently accepted as the biogenetic 
precursor to aflatoxin G 1 in a conversion involving a 
keto-lactonase system, 37  although some controversy 
exists over the role of aflatoxin M1. 37,38  
The intermediacy of the precursors shown in Scheme 6 
has been deduced from the results di scussed above. 
Evidence for the postulated sequence of intermediates 
comes from work done with the enzyme inhibitor 
dichlorvos. 34 Dichiorvos is thought to inhibit the 
conversion of. versiconal acetate. A likely sequence 
from these results therefore is: 
averuf in - versiconal acetate -- versicolorin A - 
sterigmatocystin. 
-129-- 
These results provide convincing evidence .f or 
the involvement of averuf in in the biosynthesis of 
aflatoxin B 1 . The [1,2- 13 C2 ]-acetate results also 
establish the correct folding of the polyketide chain, 
shown in Scheme 6. 
The role of versiconal acetate (16) in the bio-
synthesis, is implicated by the results of experiments 
using enzyme inhibitors with toxic strains of A. flavus 
and A. parasiticus. Addition of dichlorvos (18), an 
organophosphorous insecticide, to these cultures resulted 
in reduction of a.flatoxin synthesis, and the accumulation 
of versiconal acetate. 32 
Addition of [ 14C]-versiconal acetate to the 
resting cells of A. parasiticus, resulted in a 13.7% 
conversion to aflatoxin B 1 . 33 
A mutant of A. parasiticus obtained by u.v. 
irradiation, (1-11-105 WR-1), displayed impaired aflatoxin 
production, but accumulated. versicolorin A(17), a pigment 
formed in very low yield by the wild-type strain. 34  
A second condition for the role of versicolorin A as an 
aflatoxin precursor was shown to be fulfilled by the 46% 
incorporation of [ 14 C] -versicolorin A into aflatoxin B 1 . 35 
No mutant strain of A. flavus or A. parasiticus 
has been shown to accumulate sterigmatocystin (8) 
However its intermediacy in aflatoxin biosynthesis has 
been implicated by the results of two other experiments. 
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Several mechanisms have been proposed for the 
conversion of the C 6 -ketal side chain, to the branched 
C4 -bisdihydrofuran system. 13C N.m.r. studies on 
versiconal acetate 42  and versicolorin A, 43 revealed that 
a rearrangement takes place during this conversion, which 
results in fusion of the aromatic ring with the bisfuran 
system, between two carbons derived from the methyl carbons 
of acetate. 
Thomas, in 1972, proposed the sequence shown in 
Scheme 9 involving a Baeyer-Villiger oxidation on an 
acetylfuran intermediate. 44  Kingston  45  favoured the 
intermediacy of an open chain form of niduruf in (20), 
the dimethyl analogue of which is a co-metabolite of averuf in 
in A. versicolor. Kingston envisaged the key step, as a 
pinacol type rearrangement, followed by dehydration, 
oxidation and loss of an acetyl unit as shown in Scheme 10. 
Tanabe et a1 46 proposed a cyclopropanone intermediate 
(21) which undergoes a Favorskii rearrangement to give the 
branched chain, with cyclisation, and loss of the terminal 
acetyl unit completing the transformation shown in Scheme 11. 
Steyn 47  invoked an epoxide initiated rearrangement for the 
transformation, as shown in Scheme 12. The mechanism 
involves initial ring opening, and hydration of averuf in, 
followed by dehydration, to give the double bond shown, and 
epoxidation. An epoxide rearrangement can then yield the 
branched chain aldehyde, which as shown can equilibrate 
with its hemi-acetal form. Loss of the terminal acetate 
-135- 
unit, by Baeyer-Villiger oxidation, and ring closure 
would then yield the bisdihydrofuran system of 
versicolorin A. 
A recent study 48  has confirmed the biogenetic 
relationship of versiconal hemi-acetal acetate and 
versicolorin A. A relatively stable enzyme system capable 
of converting versiconal hemi-acetal acetate (16), to 
versicolorin A (17) was isolated from the soluble fraction 
of homogenised cells of A. parasiticus. Isotopic tracers 
revealed the involvement of several intermediates in the 
conversion, and confirmed that the bisfuran ring in the 
aflatoxins, is derived from the hemiacetal. A feasible 
mechanism for this conversion is illustrated in Scheme 13. 
Further experiments, specifically designed to 
clarify the mechanisms of bisf-uran formation, were 
completed by Townsend et al in 1982. Biosynthetic studies 
followed an elegant total synthesis of (±) averufin, 49 
which enabled averuf in to be synthetically 13  C labelled 
in the 4' position, and doubly labelled [ 13 C- 2 H] in the 
1' position. so 
Townsend's synthesis involved the use of methoxy-
methyiphenol protecting groups to satisfy two essential 
requirements. 
Firstly, they provide a means to protect and deprotect 
hydroxyl functions under mild conditions. Secondly, they 
permit the elaboration of properly oxygenated benzenoid 
scneme 14 
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precursors to more complex systems. Methoxy methyl is 
a good directing group, which allows regiospecific 
metalation and subsequent reaction with a variety of 
electrophiles in high yield. 
Townsend's synthesis illustrated in Scheme 14, 
proceeds by regiospecific metalation and reaction with 
DMP, of the protected resorcinol (22) to give the 
aldehyde (23). Subsequent reaction of (23) with the C 5 -
Grignard reagent formed from 5-bromo-2-pentanone 
ethylene ketal, yields the alcohol (24). In the 
deprotection and cyclisation reaction, the benzylic 
hydroxyl assists in the cleavage of one methoxymethyl 
group, after which intramolecular ketalisation is 
spontaneous. Ketal (25) is acid labile, thus preventing 
electrophilic bromination. However, regiospecific 
metalation, again directed by methoxy methyl, and 
reaction with cyanogen bromide, yielded the desired 
bromide (26). The key step in the synthesis is the 
regiospecific coupling of the pthalide anion of (27), 
and the benzyne, derived in situ from the aryl bromide (26). 
The required addition at C-5 results from the greater 
stability of the intermediate aryl anion at C-6, due to 
the inductive and chelating effect of the 0-methoxy 
methyl group. Finally, deprotection of the triprotected 
anthraquinone (28) gave averuf in in an 8% overall yield. 
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The synthetic scheme allowed the preparation of 
suitably labelled averuf in as shown in Scheme 15. Use 
of [ 13C]-dimethyl formamide afforded the [ 13C]-aldehyde 
(27) which was converted to the ( 3CI-alcohol (28). 
Sarett oxidation, and reduction with lithium aluminium 
deuteride, then yielded the doubly labelled alcohol (29) 
which was cyclised to give the doubly labelled ketal (30). 
Synthesis of [4' -3C] --averuf in was achieved by preparation 
of the required [3- 13C]-bromide (32). Ethyl (2- 1 . 3 C] 
acetate was homologated to ethyl [2- 13 C] acetoacetate, 
which was treated with 1,2-dibromoethane, to give the 
cyclopropane derivative (31). Hydrobromination gave 
(3- 13 C]-5-bromo-2-pentanone (32), which was then converted 
to the required ketal (33). 
The [4'- 13  CI -averuf in and [V- 13 	were 
separately administered to cultures of A. parasiticus, 
and aflatoxin B 1 was isolated 24 hours later. The 13  C 
n.m.r. spectra of isolated aflatoxins B 1 , indicated 
enrichment as shown in Scheme 16, and also that there was 
no significant loss of deuterium in the transformation of 
averuf in to aflatoxin B 1 . 
The results indicate that the inner two acetate 
units of the averuf in side chain are retained in the 
bisfuran system of aflatoxin B 1 , and that the terminal 
acetate unit is lost. Also, in the migration of the 
anthraquinone nucleus from C-i' to C-2', no deuterium is 
OH 0 	OH 0 
HO IXD 
	


















lost. The Favorskii type rearrangement proposed by 
Tanabe et al, 46  is therefore ruled out. 
A subsequent experiment, 
51  with deuterium labelled 
averuf in, was designed to determine whether the 0-acetyl 
unit of versicorial hemi-acetate, was derived by Baeyer-
Villiger oxidation of the ring-opened side chain of 
averuf in, or by acetylation from endogenous acetyl-00A. 
The previously synthesised [1'-13C,2H]-averufin, was 
subjected to deuterium exchange, which resulted in complete 
exchange of the 4'-methylene and 6'-methyl hydrogens. 
The [1- 13 2 C, H; 4 - H2 ; 6 - H 3 ] -averuf in, was 
administered to a dichiorvos inhibited culture of. 
A. parasiticus, and after 40 hrs., versiconal acetate was 
isolated. The 2H n.m.r. of the enriched versiconal 
acetate indicated the presence of deuterium at both C-4' 
and C-6', as shown in Scheme 17. This observation confirms 
that loss of the terminal acetate unit of averuf in takes 
place by an intramolecular Baeyer-Villiger type oxidation, 
in the course of formation of the bisdihydrofuran ring. 
Vederas52 ' 53 has recently reported the results of 
18 0 substitution in intermediates of aflatoxin biosynthesis. 
Complimentary experiments on the incorporation of 
13 	18 	 18 (1- C, 0 2 ]acetate and 	°2 oxygen gas into averuf in 
and. versicolorin A, revealed the labelling patterns 
shown, in Scheme 18. 
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All oxygens in averuf in are observed to originate 
from acetate, except the C-10 carbonyl oxygen, which is 
derived from the aerobic oxidation of an anthrone 
precursor. The expected labelling pattern of the 
anthraquinone system is also observed in versicolorin A. 
The oxygen of the terminal dihydrofuran ring, however, 
must originate from the medium, as there is no detectable 
incorporation of 18  0 from acetate or 18°2  gas. This 
finding is seen by Vederas as being a consequence of the 
intermediary of versiconal acetate, which can easily 
exchange the aldehyde oxygen. 
4.3 	Sterigmatocystin 
The ultimate precursor to alfatoxin B 1 , on the 
proposed pathway is sterigmatocystin (8), a xanthone with 
an angular bisdihydrofuran structure, presumably formed 
from the anthraquinone versicolorin A. The transformation, 
thought to involve oxidative cleavage of the B ring of 
versicolorin A, results in the elimination of a carbon 
atom derived from the methyl of acetate. 
Xanthones are produced by a variety of fungi, and 
are often formed by the elaboration of anthraquinone 
precursors, e.g. the ergochromes, 54 tajixanthone, 55 and 
revenelin. 56 Xanthones isolated from lichens are a 
notable exception, most being formed directly from 
heptaketide precursors, e.g. norlichexanthone (34) 
Buchi's original biosynthetic scheme for the aflatoxins 
Table 2 Incorporation of 	[ 14 C] acetate into sterigmatocystin 
No of 14 C- 	Total Sterigmatocystin Radioactivity Incorporation Specific 
labelled acetate 	incubation isolated efficiency activity 
additions 	time 	(days) (rug) (Ci) (%) (Ci/mol) 
1 12 6.05 30.0 .3.0 1.02 
1 6 2.57 43.4 4.3 5•47 
5 12 7.75 182.8 3.7 7.64 
-141- 
Recently, Vederas reported the incorporation of 
(1- 13C, 1802 ]-acetate into sterigmatocystin.6° 13  N.m.r. 
analysis of the enriched metabolite indicated the 
labelling pattern shown in Scheme 21. The C-i hydroxyl 
oxygen of versicolorin A therefore becomes the xanthone 
ring oxygen in sterigmatocystin. Vederas proposed that 
xanthone ring formation could occur by an addition-
elimination mechanism on an enzyme bound benzophenone 
intermediate (42) shown in Scheme 21. Symmetrical inter-
mediates of this type, however, normally result in 
randomisation of 13  C labelling, whereas Seto et al, 61  
have reported the incorporation of (1,2- 3 C2 ]acetate into 
steriginatocystin, without randomisation. However, 
overlapping of signals precluded a full analysis of the 
coupling pattern observed in the 13C n.m.r. spectrum. 
In addition, a later and more rigourous assignment 
of the natural abundance 13C n.m.r. spectrum, by Pachler 
62 interchanged several of Seto's assignments, which et al 
led to a different incorporation pattern. 
13C and 2  H labelling studies were undertaken to 
establish the pattern of incorporation of intact acetate 
units, and in an attempt to gain information on the 
mechanisms of xanthone ring formation. 
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Scheme 21 
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envisaged as a key intermediate, the benzophenone 
carboxylic acid (35) formed by oxidative cleavage of an 
anthraquinone precursor, shown in Scheme 19. Rotation 
about (a) and subsequent-ring closure would lead to 
sterigmatocystin, while no rotation or rotation about 
(b) would lead to xanthones with a linear bisfuran 
structure as in sterigmatin (36) , and the autocystins 
(see Chapter 2). 
Little is known of the exact mechanism of 
decarboxylation and ring closure, and the necessary loss 
of phenolic oxygen from C-6 of versicolorin A. 
Holker proposed 58  the mechanism shown in Scheme 20 
which assumes initial loss of hydroxyl at C-6, to give 
deoxyversicolorin A (37). 
Hydroxylation of either (37) or the product of 
oxidative ring cleavage (38), yields (39) which by intra-
molecular oxidative coupling, yields intermediate (40). 
Intermediate (40) could then function as a precursor to 
sterigmatocystin, and 6-hydroxy-sterigmatocystin (41) 
(6-0-methyl-sterigmatocystin is a co-metabolite of 
sterigmatocystin produced by A. versicolor). 
Hydroxylation at C-5 is invoked as a prerequisite 
for this oxidative coupling mechanism, as an oxygen 
substituent ortho or para to the coupling position is 
necessary for coupling to occur. 59 
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Figure 2 	90.6 MHz 13 C n.mr. spectrum of [1-13C, 2 }j3 ]- 
acetate enriched sterigmatocystin 
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labelling of individual molecules, and the resultant 
complicating homonuclear coupling to 
13  C carbons from 
adjacent intact acetate units. Labelled acetates were 
therefore diluted threefold with unlabelled acetate, and 
pulse-fed to the culture. After isolation and purification 
by T.L.C., the enriched metabolites were subjected to 
n.m.r. analysis. 
4.4.1 13  n.m.r. of Sterigmatocystin 
The previously reported assignments of Seto and 
Steyn are listed in Table 3. The main differences are in 
the assignments of carbons 2-7, which Seto based on the 
reported effects 66  of methoxy substitution on aromatic 
carbon chemical shifts. 
Steyn's assignments were more thoroughly based, on 
the correlation of residual splittings in the S.F.O.R.D. 
spectrum, with known 1 H chemical shifts, D 2  0 exchange, 
analysis of long-range couplings, by selective 
irradiation, the use of Lanthanide induced shifts, and by 
comparison with chemical shifts in related compounds. 
In the p.n.d. 13 	 13 C n.m.r. spectrum of [1,2- C 2 ] - 
acetate enriched sterigmatocystin, the couplings shown in 
Table 3, were observed, indicating that carbons C-i and 
C-2, C-3 and C-4, C-5 and C-6, C-8 and C-13, C-9 and C-10, 
C-li and C-12, C-14 and C-15, C-16 and C-17, are derived 
from intact acetate units. The pattern of acetate 
incorporation is shown in Scheme 22. All ring A carbons 
1 180.3 180.9 181.2 
2 108.8 109.0 
3 161.4 162.1 162.3 
4 106.4 110.0 111.2 
5 136.1 135.4 135.5 
6 110.7 105.7 105.7 
7 153.3 154.7 154.9 
8 162.9 153.7 154.0 
9 106.4 106.5 
10 164.2 164.3 164.1 
11 90.9 90.4 90.5 
12 154.5 163.0 163.3 
13 105.7 106.0 
14 113.3 113.1 113.2 
15 47.2 47.9 48.0 
16 102.5 102.4 102.6 
17 145.4 145.1 145.3 


























Table 3 Chemical shifts, 	couplings and 2H isotope 
shifts observed in 13  C n.m.r. spectra of sterig -
matocystin 
Carbon 	6C(Seto) 	6C(Pachler) 	SC(Obs) 	J1313(Hz) 	i 
-142- 
4.4 	Results and Discussion 
Conditions for incorporation of ( 4C1acetate into 
sterigmatocystin by A. versicolor had previously been 
optimised by Hsieh and Yang. 63  Optimum yields of 
sterigmatocystin were found to occur in surface cultures, 
maintained on a liquid medium (a low salt medium of 
Reddy et al 64  for high aflatoxin production), and 
incubated in the dark at 29°C, for 12 days. (Yield 60 mg l) 
As previous experiments 65  on the incorporation of 
( 14 C]acetate into aflatoxin B 1 had indicated that acetate 
concentrations exceeding 10 mM were detrimental to the 
efficiency of incorporation, acetate concentrations for 
incorporation into sterigmatocystin were kept at a similar 
level. Multiple additions of precursor were therefore 
made, to increase the specific activity of the product 
without affecting the incorporation efficiency. The 
results of these ( 14 C]acetate experiments are summarised 
in Table 2. As the total radioactivity incorporated was 
proportional to the number of precursor additions, while 
the incorporation efficiency was unaffected (>3%), it was 
decided to increase the number of ( 14C]acetate additions 
in our initial experiment. 
Using essentially the same growth conditions, but 
increasing the number of precursor additions to 10, we 
obtained a dilution of acetate into sterigmatocystin of 26. 
For the incorporation of doubly '3 C-labelled acetate, 














Figure 7 	55 MHz 2H n.m.r. spectra of 0-methyldihydro- 
2 sterigmatocystin enriched from (a) 10% H 20 
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Figure 6 	Difference flOe spectrum of 0-methyldihydro- 
sterigmatocystin resulting from irradiation 
of the methoxy protons 
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exhibit only one coupling, apart from C-7 which appears 
as a singlet, and there is therefore no observed 
randomisation of label. 
In the p.n.d. 13C n.m.r. spectrum of [1- 13 C, 2H 3 ]-
acetate enriched sterigmatocystin, the signals due to 
carbons C-5, C-14 and C-16, show - 2H isotope shifts 
(Figure 2) indicating the incorporation of deuterium at 
C-6, C-15 and C-17. These are summarised in Table 3. 
For confirmation of this result, we resorted to 
n.m.r. analysis of the enriched metabolite. In the 
n.In.r. spectrum of sterigmatocystin, Figure 3, however, 
there is severe overlapping of multiplets in the region 
6.5 to 7.0 ppm, which makes assignment of deuterium 
resonances in the 2  H n.m.r. uncertain. Conversion of the 
metabolite to 0-methyl-dihydrosterigmatocystin (42), by 
catalytic hydrogenation, and treatment with methyl iodide, 
pulls the resonances apart, and allows full assignment. 
The 1  H n.m.r. spectrum of (42) at 360 MHz, is 
illustrated opposite in Figure 4, and assigned as shown 
in Table 4. The doublets, at 6.74 and 6.94 ppm, were 
assigned to H-4 and H-6 respectively, by recourse to L.I..S., 
and difference n.O.e. experiments. The europium shift 
reagent, Eu(fod) is added incrementally, allowing the 
H-6 and H-4 resonances to be plotted as shown in Figure 5. 
Eu(fod) 3 causes a greater shift on the H-4 proton, compared 
to the H-6 proton, due to its closer proximity, and allows 
the resonances to be assigned as shown. 
mg Eu(fod)3 added 
6-5 	7 	 8 	 9 	 10 
6 (PPM) 
Figure 5 Lanthanide induced shifts observed in the 
1H n.m.r. spectrum of O-methyldihydrosterigmatc 
Table 4 	360 MHz 1H n.m.r. spectrum of 0-methyldihydro- 
sterigmatocystin (42) 
* 
Proton 	 SH 	 J (Hz) 
4 6.74(DD) 8.2, 	1.0 
5 7.84(T) 8.2 
6 6.80(DD) 8.2, 	1.0 
11 6.42(S) - 
14 6.81(D) 5.6 
15 4.17(M) 8.5, 	5.6, 	1.1 
1 -CH 2- 5.44(M) - 
17 R 4.13(M) - 
17 S 3.70(M) - 
OMe 3.98(S) - 
* 
C.P. Gorst-Allman, P.S.Steyn and P.L Wessels, 
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ion character at C-2, which could be stabilised by 
binding to the enzyme, as shown. Decarboxylation and 
concommitant release from the enzyme would complete the 
necessary transformation. 
Path (c) involves epoxidation of the C-6 - C-7 bond. 
Acid catalysed substitution of the epoxide proceeds by 
protonation, and concomitant addition, to yield the 
-hydroxy acid (44), which by decarboxylation and 
dehydration, can yield the final xanthone structure. 
This -hydroxy acid, a previously postulated 
intermediate in Scheme 	could also by oxidation and 
decarboxylation yield 6-hydroxysterigmatocystin, and thus 
function as a precursor to both sterigmatocystin and its 
co-metabolite, 6-methoxysterigmatocystin. 
The implications of the kinetic pulse labelling 
experiments 39  were that the biosynthetic pathway to the 
aflatoxins bifurcates at some point after versicolorin A. 
Intermediate (45) can lead to both sterigmatocystin and 
6 -hydroxysterigmatocys tin, a more obvious candidate for 
conversion to the aflatoxin B, structure. 
The recently reported results of incorporation of 
2 	 70 C H3 ]acetate into aflatoxin B 1 , 	give further mechanistic 
evidence of the biosynthetic pathway. Nm.r. analysis of 
the enriched metabolite indicates that C-4 and C-5 of the 
cyclopentanone ring bear acetate derived hydrogen, as 
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The observed retention of acetate derived hydrogen 
at C-6 of sterigmatocystin is significant. Any proposed 
biosynthetic intermediates with phenolic hydroxyl at 
this position are ruled out. Although it cannot be ruled 
out, an enzyme bound symmetrical intermediate also seems 
unlikely. The results bring no evidence to bear, however, 
on the loss of the C-6 hydroxyl of versicolorin A, which 
is presumed to be removed prior to oxidative ring cleavage. 
Three mechanisms seem feasible for xanthone ring 
formation as illustrated in Scheme 24. All involve the 
benzophenone carboxylic acid (35), the product of 
oxidative cleavage of 6-deoxyversicolorin A. 
Path (a) involves Michael addition for ring closure, 
and a subsequent enzyme catalysed oxidative decarboxylation. 
Path (b) proceeds by oxidative coupling to give a 
five membered ring spiro intermediate (43). This coupling 
would be facilitated by the presence of the oxygen 
substituent at C-3, ortho to the coupling position. 
There is some biosynthetic precedent for invoking an 
intermediate of this kind. The biosynthesis of the 
heptaketide, griseofulvin (46) ,68  and the octaketides 
geodin (47)69  and erdin (48) ,69  involve oxidative coupling 
to give five membered ring Spiro species, all of which 
have oxygen substituënts ortho and para to the coupling 
position. Rearrangement of the five membered ring to 
yield the xanthone, would involve the creation of carbonium 
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This assignment was confirmed by difference n.O.e. 
experiments, where irradiation of the methoxy protons 
resulted in an Overhauser enhancement in the intensity of 
the H-4 signal, while the H-6 resonance is unaffected, 
as shown in Figure 6. 
To further aid analysis of the (1- 13 C, 2H 3 ]- 
acetate enriched sterigmatocystin, a sample of universally 
2H-labelled sterigmatocystin was prepared by growing 
the culture in a medium containing 10% 2H 20. On 
conversion to (42), the 2H n.rn.r. spectrum shown in 
Figure 7a was observed. As can be seen, most of these 
resonances are fairly well resolved, with H-14 and H-il 
showing only partial resolution, and H-15 and H-17 R 
being unresolved. 
Comparison of the spectra of (42) obtained from D 2  0 
fermentation and enrichment from [1- 13 C, 
2 H3 ]acetate 
(Figures 7a and 7b respectively) reveals the retention of 
at H-6, H-16 and H-17 in the acetate enriched metabolite. 
There is no observed retention of 2H at C-4, or C- li, a 
result which is in agreement with the results obtained from 
the incorporation of [ 2H3 ]acetate into averufin, 67 
resulting in the labelling pattern shown in Scheme 23. 
The corresponding carbon atoms in averuf in, C-7 and C-4, 
show a low retention, and no significant retention 
respectively. 
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atom derived from the carboxyl of acetate, indicates 
that migration of deuterium has occurred, most likely as 
a result of an N.I.H. shift, from a para-hydroxylated 
aromatic precursor as observed in 0-methylasparvenone. 
Such hydroxylation of sterigmatocystin would yield 
6-hydroxysterigmatocystin which on subsequent oxidative 
cleavage, aldol condensation, decarboxylation and 
dehydration, as shown, would yield the properly labelled 
aflatoxin B as outlined in Scheme 25. 
Another possible aromatic precursor is 6-deoxy-
versicolorin A, which on para-hydroxylation would yield 
5-hydroxy-6-deoxy versicolorin A, previously isolated 
from Dothistroma pinii7l  as bisdeoxydihydro- 
dothistromin (removal of the C-6 hydroxyl of versicolorin A 
is necessary for the N.I.H. shift to be observed). 
Subsequent conversion to the xanthone system of 6-hydroxy-
sterigmatocystin, and coumarin system of alfatoxin B 1 
would again result in the required labelling pattern. 
Both possible routes are illustrated in Scheme 26. 
4.5 	Experimental 
For general experimental details, see section 2.4.1. 
Production of sterigmatocystin 
It was decided to use the medium, used by T.V. Reddy 
et a164 for producing high levels of aflatoxins, shown 
below. 
-149- 





CaC1 2 .2H20 0.075 




FeSO4.7H 20 0.002 
H20 to 	1,000 mis 
pH = 4.5 
Aliquots of 10 mis of the above medium were placed 
in 50 ml conical flasks, which were innoculated with a 
conidial suspension of A. versicolor, in a 0.01% sodium 
lauryl sulphate solution. 	The total incubation time was 
twelve days. 
Isolation of sterigmatocystin 
The mycelial mat was filtered from the medium, and 
homogenised in a blender with acetone. 	After filtration 
the residue was rehomogenised with acetone, and the 
filtrates combined. 	After concentration under reduced 
pressure, the liquors were partitioned between hexane and 
90% methanol. 	The alcoholic liquors were concentrated 
under reduced pressured, and partitioned between ethyl 
acetate and water. 	The organic layer was washed with water, 
and dried over MgSO4 ; solvent was removed under reduced 
pressure, and the mycelial extract was combined with the 
ethyl acetate extract from the medium. 	The crude extract 
was then subjected to preparative T.L.C., in successive 
eluents, 4% acetone in benzene (Rf = 0.25), and chloroform! 
-150- 
acetone/n-hexane in the ratio 85:15:20 by volume (Rf = 0.4). 
The isolated sterigmatocystin was recrystallised from acetone. 
n.m.r. at 200 MHz:- 5(ppm) 13.2 (s, OH); 7.50 (t, J 
8.3 Hz, H-5); 	6.82 (d, J 7.1 Hz, H-14); 	6.77 (t, J 8.3 Hz, 
H-4); 	6.76 (t, J 8.3 Hz, H-6); 	6.50 (t, J 2.8 Hz, H-17); 
6.43 (s, H-li); 	5.44 (t, J 2.6 Hz, H-16); 	4.80 (m, H-15); 
3.99 (s, 0-Me). 
Dihydro sterigmatocystin 
Sterigmatocystin (50 mg) was dissolved in ethyl acetate 
(25 mis), and hydrogenated for 24 hrs over 5% Pd on charcoal. 
The resulting slurry was filtered, and the filtrate washed 
with 3 x 15 ml portions of ethyl acetate; removal of solvent 
under reduced pressure gave dihydrosterigmatocystin (43 mg) 
n.m.r. at 360 MHz:- 5(ppm) 6.76 (dd, J 7.9, 0.8 Hz, H-4); 
6.69 (dd, J 8.3 Hz,H-6); 	6.45 (d, J5.7 Hz, H-14); 	6.29 
(s, H-il); 4.15 (m, H17R, H-15); 	3.95 (s, 0-Me); 	3.65 (m, 
H 17 s) ; 2.27 (m, 16-CH 2 ). 
8 -Methoxydihydrosterigmatocystjn 
To a solution of dihydroxysterigmatocystin (50 mg) in 
dry acetone (30 mis), was added anhydrous potassium carbonate, 
and methyl iodide (0.5 mis). 	The mixture was heated to 
ref lux for 24 hours, allowed to cool, filtered, acidified with 
10% HC1, and extracted with 3 x 25 ml portions of chloroform. 
The combined extracts were dried over magnesium sulphate, and 
solvents removed under reduced pressure to give 45 mg of 
crude product. 	Purification by T.L.C. in 25% light petrol! 
ether (Rf = 0.45) afforded 8-methoxydihydrosterigmatocystin 
-151- 
(39 mg) . 	1H n.m.r. at 360 MHz:- 6(ppm) 7.47 (t, J 8.4 Hz, 
H-5); 	6.93 (dd,. J 8.3, 0.9 Hz, H-6); 	6.74 (dd, J 8.3, 0.7 
Hz, H-4); 	6.43 (d, J 5.7 Hz, H-1.4); 	6.29 (s, H-li); 	4.15 
(in, H 17R, 	H-15) ; 3.95 (s, C12-OMe) ; 	3.91 	(s, 	C3-OMe) ; 
3.67 (in, 	H_17 s) ; 2.28 (m, 16-CH 2 ). 
Incorporation of (1- 14C]acetate 
[1-14C]acëtate (10 ILli) was added to unlabelled 
sodium acetate (0.5 g) in aqueous solution (125 mis) . 	This 
14 C-labelled solution was pulse-fed to cultures of A. versicoic 
at a rate of 0.5 mis to each of 25 flasks, each containing 
10 mis of medium, 115 hours after innoculation, and 
thereafter every 12 hours, for 5 days. 	After a total 
incubation time of 12 days, ( 14 C:]sterigmatocystin was 
isolated as described previously, and incorporation of 
acetate was analysed by liquid scintillation counting. 
(Yield = 55 mg) 
Dilution = specific activity of sterigmatocystin 	no of 
specific activity of acetate 	x labelled sites 
- 1.367 x 10  
- 	 6 	x 8 	= 	3_0 3.64 x 10 -- 
Incorporation  of [1- 13 C, 2 H3 ] and (1,2-13C9]acetates 
[ 1 , 2-13C]acetate (0.5 g) was added to unlabelled 
sodium acetate (1 g) in aqueous solution (125 mis) and 
(1-13C, 2 H3 ]acetate was added to [ 2 H3 ]sodium acetate (1 g) 
in aqueous solution (125 mis) . 	These solutions were 
separately administered to 25 flasks each containing 10 mls 
-152- 
of A. versicolor culture. 	The labelled acetate solutions 
were pulse-fed as described in the previous experiment, and 
the labelled sterigmatocystins were isolated and purified 
as described previously. 	Yields for the [1- 13 C, 2 H 3 ] and 
[1,2- 13 C 2 ]acetate enriched metabolites were 29 and 17 mgs 
respectively. 
[U- 2 H] sterigmatocystin 
(U-2 H]sterigmatocystin was prepared by growing cultures 
of A. versicolor in a medium containing 10% 2H 20. 	50 x 
50 ml flasks, each containing 10 mis of the deuteriated 
medium, were incubated, and worked up as described 
previously, to yield [U-2H]sterigmatocystin (87 mg) which 
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'3C and 2H N.M.R. Studies on the Biosynthesis of 0-Methylasparvenone, 
a Hexaketide Metabolite of Aspergillus parvulus 
By THOMAS J. SIMPSON* and DESMOND J. STENZEL 
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3j J) 
Summary Incorporations of singly and doubly labelled 
"C acetates and [2H3]acetate into O-methylasparvenone, a 
dihydronaphthalene metabolite of A spergillus parvulus, 
and analysis of the resultant enriched samples by high- 
field ' Sc and 'H n.m.r. spectroscopy indicate a hexaketide 
biosynthesis and a novel acetate assembly pattern; the 
'H-labelling pattern and levels of enrichment provide 
information on the sequence and mechanisms of the 
reduction, oxidation, and deoxygenation steps on the 
biosynthetic pathway. 
THE use of precursors doubly labelled with both "C and 'H, 
combined with the use of "C n.m.r. spectroscopy to deter-
mine the fate of acetate or mevalonate hydrogen during the 
course of a biosynthetic pathway, has been applied with 
some success in polyketide and terpenoid studies.' The 
alternative method of using 'H-labelled precursors and 
direct 'H n.m.r. spectroscopy determination of labelling has 
also been used successfully, particularly in the terpenoid 
area, notably by Cane and co-workers,' but also in the 
polyketide field, a notable example being the studies of Sato 
on griseofulvin biosynthesis. 3 With the availability of 
high-field n.m.r. spectrometers - the direct use of 'H n.m.r. 
spectroscopy becomes an even more attractive Option. We 
now report the results of incorporation studies using both 
13C-labelled acetates and 'H-labelled acetate to investigate 
the biosynthesis of O-methylasparvenone (1), a metabolite 
of Aspergillus parvulus, a fungus found in the acid soil of 
pine or sweetgum forests. 4 Preliminary 14C-labelling 
studies5 have suggested a polyketide origin for (1). 
Before carrying out incorporation studies both the 'H and 
"C n.m.r. spectra of O-methylasparvenone were rigorously 
assigned. These studies, which will be described in detail 
elsewhere, resulted in the assignments summarised in Tables 
1 and 2. The [l-"C]-, [2- 13C]-, and [1,2- 13C2]acetates were 
efficiently incorporated into (1) by shaken cultures, of 
TABLE 1. "C Chemical shifts (8, relative to Me 4Si) of 0-meth 
asparvenone (1); coupling constants (Hz) of [1,2- 13C2]aceta 
enriched (1); and enrichments observed in [1- 13C]acetate- a 
[2- 13C]acetate-enriched (1). 
Carbon 6/p.p.m. 'J("C—"C) Enrichmen' 
1 202•0 42 . 
2 34•5 41 *b,o 
3 31•7 37 
4 68'2 37 * 
4a 1453 62 
5 100•5 63 * 
8 163'6 70 40 
7 119'4 71 * 
8 161•8 61 I 
8a 109'8 62 
9 •15•4 33 I 
10 12•9 34 * 
MeO 556 - - 
I, Average enrichment for (1- 13C]acetate is 2 atom 
b Average enrichment, for [2- 13C]acetate is 14 atom %. 
(" ,1'C) of 10 Hz observed. 
TABLE 2. 'H Chemical shifts (8, relative to Me 4Si) of 0-meth] 
asparvenone (1); 'H chemical shifts and relative intensit 
observed in [2H3]acetate-enriched (1).' 
Relative 
Hydrogen 6(1H)b 8(2H) 0 intensityd 
2ax' 252 256 0•4 
2eq 280 
3ax 204 2'08 02 
3eq 224 
4ax 4'77 
5 6•61 667 1.0 
9 2•59 
10 1•03 1•05 1•8 
OMe 3•85 
11 ['H,JAcetate (2g) was distributed among 12 shaken fla 
(75 ml medium per 250 ml flask) 36 h after inoculation. Aftei 
further 24 h growth, (1). (65 mg) was isolated. b Measured 
360 MHz. 0 Measured at 55•3 MHz on a Bruker WH 3 
spectrometer. d Normalised to H-5, which is itself enriched 
Ca. 5 atom % 'H. 
'3C and 2H N.M.R. Studies on the Biosynthesis of O-Methylasparvenone, 
a Hexaketide Metabolite of Aspergillus parvulus 
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'arvulus and the resultant 18C n.m.r. spectra indicated 
enrichments summarised in Table 1. The enrichment 
Is were essentially identical throughout the molecule and 
tdicate its formation from a hexaketide with the acetate 
mbly pattern shown in the Scheme. 
	
o SR o 	o OH OH




A A 	 £ A 
OH 0 	 OH OH 
.HA 	 Me 
£ 
MeO 	 - ':izt:xrij 
HOH 	 OH 
ff 
SCHEME. A = 2H label. 
D convert the hexaketide precursor into (1) it is necessary 
se acetate-derived oxygen from C-3 and C-9, insert an 
a' oxygen atom at C-4, and reduce to the dihydro-
ithalene oxidation level. It is generally assumed that 
ketide oxygen is lost by reduction of the ketone and 
rdration of the resulting alcohol as in fatty-acid bio-
hesis. The dehydration may be followed by reduction 
je double bond to give a saturated system. 6 Informa-
on the timing of these reduction-oxidation processes 
ng biosynthesis of O-methylasparvenone has been 
ined by incorporation of [2H3]acetate and determination 
ie resultant 2H n.m.r. spectrum. This indicated enrich-
t of the 10-methyl, 5-, 2-axial, and 3-axial hydrogens, 
significantly there was no label on C-4 (Table 2). The 
satisfactory explanation for the loss of label from C-4 
its appearance on C-3 is that an N.I.H. shift 7 occurs 
ng hydroxylation of a 1,6,8-trihydroxynaphthalene 
mediate to a 1,4,6,8-tetrahydroxynaphthalene as 
ated in the Scheme. N.I.H. shifts have been observed 
ng fungal metabolism of a number of aromatic sub-
:es. 8 (The possibility that 2H appeared on C-3 as a 
It of 2H enrichment of the hydrogen-transfer coenzymes 
xchange with 2H from the precursor acetate via the 
240 
medium can be ruled out by the absence of label on C-9). 
Thus the C-3 polyketide oxygen must be lost before aroma-
tisation; introduction of the 'extra' oxygen on C-4, and 
reduction to the dihydronaphthalene level must occur after 
condensation and aromatization of the precursor polyketide. 
These results are interesting in relation to recent studies on 
vermelone [3,4-dihydro-3,8-dihydroxynaphthalen-1(2H)-
one] and scytalone [3,4-dihydro-8-hydroxynaphthalen- I 
(2H)-one], pentaketide metabolites of Verticillium dahliae, 
which indicate that both reduction and loss of oxygen are 
post-aromatic processes, 9 and in relation to afiatoxin bio-
synthesis where the apparent intermediacy of averufin had 
been questioned on the grounds of the required loss of 
phenolic oxygen. 10 
While it is recognised that the enriched positions are 
probably subject to differing probabilities of loss of 2H 
through exchange, as their environments alter during the 
course of the biosynthetic pathway, so making interpreta-
tion of differing levels of enrihhment subject to uncertainty, 
the following further observations can be made. (a) The 
3-axial position is labelled to only 50% of the level of the 
2-axial position. This is entirely consistent with the levels 
of retention of label commonly observed as a result of N.I.H. 
shifts. Note that there is no evidence of enrichment of the 
2- or 3-equatorial hydrogens so that the ring reduction is an 
entirely stereospecific process. (b) The 10-methyl is 
labelled to less than twice the level of H-5. This is particu-
larly surprising as recent 2H-labelling studies have shown 
preferential labelling of acetyl coenzyme A-derived 'starter' 
positions relative to positions derived from malonyl co-
enzyme A in polyketide metabolites. 11,12 We interpret this 
observation as a strong indication that the C-9 ketide 
oxygen is not lost until after aromatisation. This would 
then allow loss of 2H-label from C-10 relative to C-5 by 
exchange from an acetyl side chain and/or via reduction and 
dehydration of the resultant l'-hydroxyethyl side chain. 
Some support for this hypothesis comes from the isolation of 
trace amounts of 9-oxygenated analogues of 0-methyl-
asparvenone from A. parvulus fermentations. 13 
In conclusion, the present studies demonstrate how 
2H n.m.r. labelling studies can provide valuable information 
on the often inaccessible intermediates and mechanisms of 
polyketide metabolism. The differing levels of 2H-labelling 
and the nature of the intermediates on the biosynthetic 
pathway are the subject of further investigations which 
will be reported in due course. 
The support of the S.R.C. is gratefully acknowledged. 
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tensive low power selective decoupling experiments. 
iese studies gave the assignments listed in the Table. 
corporation of [1- 15C]-, [2- 1 C]-, and [1,2- 13C2]-acetate, 
d [Me- 13C]methionine gave the enrichments and 13C- 1 C 
uplings summarised in the Table. The resultant labelling 
ttern in austin is entirely consistent with the pathway 
own in the Scheme in which formation of the key inter-
diate (2) is followed by formation of the C(8)—C(7') 
nd, ring contraction, and oxidative cleavage of the 
1043 
phenolic ring, and elaboration of the farnesyl moiety to 
the terpenoid spiro-lactone ring system, although the 
sequence in which these processes occur is uncertain. The 
required degree of modification of the precursor tetra-
ketide is quite exceptional. 
The support of the S.R.C. is gratefully acknowledged. 
(Received, 3rd June 1981; Corn. 649.) 
1 J. S. E. Holker and T. J. Simpson,  J. Chem. Soc., Chem. Commun., 1978, 626. 
'T. J. Simpson, Tetrahedron Lett., in the press. 
W. B. Turner, 'Fungal Metabolites,' Academic Press, London, 1971, pp.  115, 232. 
'K. K. Chexal, J. P. Springer, J. Clardy, R. J. Cole, J. W. Kirksey, J. W. Dorner, H. G. Cutler, and W. J. Strawter,  J. Am. Chem. 
c., 1976. 98, 6748. 
1042 	 J.C.S. CHEM. COMM., 198: 
Biosynthesis of Austin, A Polyketide—Terpenoid Metabolite of 
Aspergillus ustus 
By THOMAS J. SIMPSON and DESMOND J. STENZEL 
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ) 
Summary Incorporations of [1- 13C]-, [2- 13C]-, [1,2-"C,]- 
acetates and [Me-"C]methionine into austin, a meta- 
bolite of Aspergillus usius, indicate its formation by 
a mixed polyketide-terpenoid biosynthetic pathway. 
WE have recently carried out studies on 	 and 
anditomin,' complex C,, metabolites Of Aspergillus vane-
color which indicated their formation by a novel and 
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pathway,' in which a bis-C-methylated tetraketide-derived 
phenolic precursor is alkylated by farnesyl pyrophosphate 
to give the intermediate (2), Scheme, followed by further 
extensive modifications. We now report "C-labelling 
studies which indicate that the mycotoxin austin (1), a 
TABLE. "C-Chemical shifts (8, relative to Me 4Si), coupling 
constants (Hz) from [1,2 3C,]acetate, and enrichments from 
[1-13C]acetate (•). [2- 13C]acetate (), and [Me-"C]methionine 
(D) observed in austin. 
Carbon 	8/p.p.m. 	'J("C-"C) Enrichment  
1 146'S - 
2 l20•2 66 40 
3 163•6 67 * 
4 85'5 42 
5 46•6 34 S 
6 27•0 34 
7 26•5 - * 
8 42•l 34 
9 132•6 46 * 
10 143'8 43 
11 74•7 47 
12 23•5 35 * 
13 154 44 * 
14 22•4 42 * 
15 25•9 - * 
1' 118•0 76 * 
2' 137'5 76 41 
3' 84•1 - 
- 4' 170•1 
5' 78•7 34 * 
6' 80•6 34 
7' 628 54 
8' 170'8 54 
9' 20'2 - fl 
10' 113 - 0 
CH,CO 168•4 60 
CH,CO 20'6 61 
metabolite of Aspergillus ustus for which a sesterterpenoh 
origin has been proposed, 4 is also formed via (2) by a furthe 
variation of this pathway. 
After considerable experimentation, conditions wer 
obtained which gave much improved yields (ca. 100 mg 1' 
of austin and satisfactory incorporation of acetate. Th 
'C n.m.r. spectrum of austin was unambiguously assigne 
from chemical shift considerations, multiplicities in s.f.o.r.d 
spectra, 'H and "C chemical shift correlations, and analysi 
of long range couplings in fully 'H-coupled "C spectra b' 
0PP 

















Biosynthesis of Austin, A Polyketide-Terpenoid Metabolite of 
Aspergillus ustus 
By THOMAS J. SIMPsON* and DESMOND J. STENZEL 
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ) 
Reprinted from the Journal of The Chemical Society 
Chemical Communications 1981 
